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SUMMARY

ESC/iPSC-retinal sheet transplantation, which supplies photoreceptors as well as
other retinal cells, has been shown to be able to restore visual function in mice
with end-stage retinal degeneration. Here, by introducing a novel type of genet-
ically engineered mouse ESC/iPSC-retinal sheet with reduced numbers of second-
ary retinal neurons but intact photoreceptor cell layer structure, we reinforced
the evidence that ESC/iPSC-retinal sheet transplantation can establish synaptic
connections with the host, restore light responsiveness, and reduce aberrant
retinal ganglion cell spiking in mice. Furthermore, we show that genetically engi-
neered grafts can substantially improve the outcome of the treatment by
improving neural integration. We speculate that this leads to reduced sponta-
neous activity in the host which in turn contributes to a better visual recovery.

INTRODUCTION

Several cell-based therapies are currently under development to treat photoreceptor cell loss (Aghaizu
et al.,, 2017; Foik et al., 2018; Santos-Ferreira et al., 2016b). While transplantations may be conducted
on hosts with varying degrees of retinal degeneration using donor or pluripotent-stem-cell-derived ma-
terials, the overall strategy can be categorized into either single-cell photoreceptor suspensions or retinal
sheet transplantation. Cell suspension strategies consist of transplanting purified photoreceptor
precursor cells (Bartsch et al., 2008; Maclaren et al., 2006; Pearson et al., 2012), whereas retinal sheet
transplantations engraft retinal organoids containing both photoreceptor cells and inner retinal neurons
(Assawachananont et al., 2014; Radtke et al., 2008; Shirai et al., 2016). Both methods have shown cellular
integration, maturation of the photoreceptor cells, and some recovery of light responsiveness (Barnea-
Cramer et al., 2016; Iraha et al., 2018; Mandai et al., 2017; Mclelland et al., 2018; Singh et al., 2013;
Tu et al., 2018).

The inner neurons in the retinal sheet transplantation can serve as a scaffold and nurturing microenviron-
ment for photoreceptor cells to differentiate and mature, producing an organized layer structure resem-
bling the retina and well-developed photoreceptor morphology (Assawachananont et al., 2014; Mandai
etal., 2017; Shirai et al., 2016), whereas single-cell photoreceptor transplantations seldom form organized
layered structures or complete outer segments. On the other hand, single-cell photoreceptor suspension
preparations may have a better chance to contact host cells with directly exposed photoreceptor cells to
host bipolar cells, whereas inner neurons in retinal sheet transplantation may become a hindrance for graft-
host neural integration, as graft photoreceptors form synapses with concomitantly developing bipolar
cells, resulting in numerous intragraft synapses.

In this study, we attempted to bring the best of the two approaches together by using genetically engi-
neered cell lines to prepare retinal sheets with fewer bipolar cells that directly receive the output from
the photoreceptor cells. To this end, we prepared two cell lines, Bhlhb4™/~ and Islet1™/~. The basic-he-
lix-loop-helix family member 23 (Bhlhe23, also known as Bhlhb4) is a transcription factor (Bramblett
et al., 2002) expressed in rod bipolar cells, and it is required for maintenance and neural maturation of
rod bipolar cells (Bramblett et al., 2004). Bhlhb4 functions downstream of factors that determine bipolar
cell specification, and thus, Bhlhb4~"~ retinas can engage rod bipolar cell fate; however, nascent cells
that fail to mature eventually succumb to apoptosis (Bramblett et al., 2004). Isletl (or IslT), a
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Figure 1. Differentiation of retinal organoids

(A) Phase-contrast and fluorescence images of differentiating retinal organoids at different differentiation days (DD).

(B) Modeling of Nrl-GFP signal with a growth curve. Points represent the intensity value for individual retinal organoids, the light shaded area shows the
range of expected values, and the dark shaded area shows the expected mean signal intensity with 95% compatibility intervals. Full parameter estimates for
the model are provided in Figure S1.

(C) Estimated parameter values for maximum fluorescence value (top), maximum rate of fluorescence increase (middle), and onset of fluorescence increase
(bottom). Estimates (shown with mode and 95% compatibility interval on top) largely overlap, showing no differences among organoids. A total of 170
organoids (54 wt, 61 Bhlhb4™'~, and 55 Islet1™'~) were used for this analysis.

(D) RT-PCR of key genes from organoids differentiated from a clone of Tg(Nrl-GFP) iPS cell lines. Similar results were obtained for ES-derived organoids
(Figure S1).

(E and F) Scatterplots of microarray expression pattern of retinal organoids show no large differences among retinal organoids. (E) shows the gene
expression of DD16 and DD23 compared with DD10, and (F) shows the comparison between Bhlhb4™/~ and Iselt1™/~ with wt. Diagonal lines correspond to
fourfold expression differences. GO analysis of differentially expressed genes is provided in Figure S2.

(G) Immunohistochemistry characterization of DD15 and DD29 organoids. Arrow heads show PKCa and Chx10 positive bipolar cells.

LIM-homeodomain transcription factor mediates neuronal differentiation of rod and cone bipolar, cholin-
ergic amacrine, and ganglion cells in the retina. Deletion of Islet results in the loss of the majority of bipo-
lar, cholinergic amacrine, and ganglion cells (Elshatory et al., 2007). Owing to the relatively late expression
of Bhhb4 and Islet1, we speculated that deletion of these genes would not largely affect retinal develop-
ment before bipolar differentiation, but grafts would have fewer bipolar cells around the time photorecep-
tors start to form synapses. We prepared retinal sheets from wild-type (wt), Bhlhb4~"~, and Islet1™~
pluripotent cell lines (both iPS and ES cells) and transplanted them to end-stage rd 7 mouse retinas, in which
rod photoreceptors are virtually abolished by postnatal day 30 and surviving cone photoreceptors degen-
erate secondarily. These genetically engineered cell lines can be differentiated to retinal organoids with
similar potency as wt cell lines and integrate with host retinas after transplantation. Our analyses of post-
transplantation retinas show that Bhlhb4~~ and Islet1~/~ result in a drastically reduced bipolar cell popu-
lation upon graft maturation and a concomitant improved neural integration. We further conducted
detailed electrophysiological analyses that indicate the improved neural integration may be manifested
as a decrease in spontaneous activity, which in turn is observed as an enhanced performance in behavior
tests. Overall, our results show that Bhlhb4™'~ and Islet1™~ can be used to improve neural integration of
retinal sheet transplantation.

RESULTS

Bhlhb4 /~ and Islet1 /= cells differentiate to retinal organoids similarly to wt cells

Both Bhlhb4™'~ and Islet1™’~ cell lines were able to differentiate into retinal structures similarly to wt cell
lines. All the Bhlhb4™/~ (6 clones) and Islet1™"~ (4 clones) cells (iPS and ES cells) self-reorganized to homo-
geneous aggregates and formed hollowed structures resembling the optic vesicle by differentiation day
(DD) 7. These retinal organoids grew bigger by sprouting more vesicular structures through DD23 (Fig-
ure TA). Transgenic cell lines expressing green fluorescent protein (GFP) under the Nrl promoter, which
is specifically activated in rod photoreceptors shortly after terminal cell division (Akimoto et al., 2006),
started to show signs of detectable fluorescence around DD19. The GFP signal consistently grew stronger
until DD33, and then the fluorescence became weaker. The Nrl-GFP fluorescence signal of representative
clones between DD19 and DD33 was modeled with an exponential growth curve revealing that Bhlhb4™/~
and Islet1™/~ cell lines have broadly similar time courses and maximum intensities to wt lines (Figures 1B,
1C, and S1), indicating that these gene knockouts do not affect early retinal differentiation.

Bhlhb4 expression begins around postnatal day 5 (P5) in mouse retinas, which is roughly equivalent to
DD25 of the retinal organoids and is restricted to developing rod bipolar cells (Bramblett et al., 2004).
Consistently, we observed Bhlhb4 mRNA expression gradually increase on wt and Islet1™~ retinal organo-
ids from DD10 to DD23, whereas the band was absent on Bhlhb4™/~ organoids (Figures 1D and S1). Simi-
larly, IsletT expression in bipolar cells begins around P5, although it is observed at earlier stages in retinal
ganglion cells (RGCs) (Elshatory et al., 2007). Consequently, Islet1 is detected on DD10, DD16, and DD23 in
wt and Bhlhb4™/~ retinal organoids but is absent in Islet1™/~ (Figures 1D and S1). We saw no differences
between ES- and iPS cell-derived organoids in the temporal expression pattern of key genes, and the effect
of Bhlhb4 or Islet1 deletion was also identical (Figures 1D and S1). In addition to real-time polymerase chain
reaction (RT-PCR), we conducted the microarray analyses of DD10, DD16, and DD23 organoids derived
from Nrl-GFP; Ribeye-reporter iPSC lines (Mandai et al., 2017). Figure ST shows some key genes specific
to retinal progenitors, bipolar, and photoreceptor cells. The expression pattern of these genes is largely
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Figure 2. Immunohistochemistry characterization of wt and Bhlhb4 /~ and Islet1 /" grafts after subretinal transplantation
(A) PKCa" (rod bipolar), SCGN™ (cone bipolar), and Chx10" (pan-bipolar) cells in wt, Bhlb4~"~, and Islet1™/~ grafts.

(B) Quantification of cell markers. Left plots show the number of PKCa.*, SCGN™*, and Chx10" cells (vertical axis) against the number of inner cells in the graft
per section (horizontal axis). Dots indicate the count value for a given section, with different shapes representing samples from different animals. The line
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Figure 2. Continued

represents the most likely value, and the shaded area represents the 95% compatibility interval assuming that the number of positive cells for a positive
marker follows the binomial distribution given the number of total (inner) cells. Right plots show the estimated effect of graft genotype on the
probability of the marker being positive, with mode and 95% compatibility intervals indicated on top. Note that the horizontal scale (value) is logit, i.e.,
log odds, with higher values indicating higher probability of observing a cell positive for a particular marker. Distribution for the rest of the parameters,
as well as results for a similar analysis on Calbindin™ and Calretinin™ cells are provided in Figure S2.

(C) Flat-mounted retinas were imaged, and orthogonal sections intersecting rosettes were constructed to analyze the number of photoreceptor cells. The
images to the right correspond to orthogonal views at the dotted orange line.

(D) The number of photoreceptor cells (vertical axis) was modeled as a function of the number of graft cells (horizontal axis), similar to (B). The graph on the
right shows there is no difference in photoreceptor ratio by graft genotype as the posterior distributions largely overlap. Distribution for the rest of the
parameters is provided in Figure S2 as well as predicted values from the model. Eleven mice were used for PKCa." analysis (3 wt, 3 Bhlhb4™'~, and 4 Islet1™/7),
11 for SCGN™ analysis (3 wt, 4 Bhlhb4™'~, and 4 Islet1™'7), 9 for Chx10™ cells (2 wt, 3 Bhlhb4™'~, and 4 Islet1™'7), and 8 for the photoreceptor cell number
analysis (2 wt, 3 Bhlhb4™'~, and 3 Islet1™/7). GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer.

unaltered. Although Bhlhb4™~ retinal organoids seem to have lower expression of some photoreceptor
markers (Cngal, Cnga2, Cnga3, Gucy2d, Rho), and Islet1™~ seem to have higher expression (Cabp4,
Cngal, Cngb1, Gnat2, Gngt1, Rho, Revrn, Sag), photoreceptor markers are generally low at this early devel-
opmental stage. Expression patterns for retinal pigment epithelium, glial cells, retinal ganglion cells, ama-
crine cells, horizontal cells, as well as other controls (pluripotency, neuron, apoptosis, and expression refer-
ence marker genes) were also largely identical among the three lines. Overall gene expression across cell
lines was very similar, with few genes upregulated or downregulated compared with the wt line (Figures 1E
and 1F). Gene ontology (GO) enrichment analysis shows similar genes, mostly pertaining to localization,
metabolic, and developmental processes, are upregulated or downregulated across development
(Figure S2).

Figure 1G shows immunostaining for PKCa, Chx10, and Rx, as well as the Nrl-GFP reporter fluorescence of
DD15 and DD29 retinal organoids in vitro. At DD15, a widespread expression of retinal progenitor markers
Rx and Chx10, but not much of Nrl-GFP or PKCa, were observed in all organoids (wt, Bhlhb4~/~, and
Islet1™/7), reflecting the early stage of differentiation. At DD29, an Nrl-GFP* outer-nuclear-layer (ONL)-
like structure with regularly lined up GS* Miiller cells was the major composite, while PKCa™ or Chx10"
cells, which are typically suggestive of retinal bipolar cells, were occasionally observed localized on the
outer border of the ONL-like structure, or in a very thin layer of presumptive inner nuclear layer (INL). While
the overall trend was similar across all lines, inner cells in Bhlhb4™"~ or Islet1™/~ organoids seemed fewer
and showed weaker bipolar cell marker signals than those in wt organoids. Overall, our data show that
Bhlhb4='~ and Islet1™~ cells can differentiate to retinal organoids without any apparent differences to
wt cells at least up to DD15, around the time of transplantation.

Bipolar cells are markedly reduced in Bhlhb4~/~ and Islet1~/~ grafts after transplantation

We transplanted early developmental stage (DD10-DD15) retinal organoids to the subretinal space of rd1
mouse and observed maturation and integration with the host. Grafts were examined at 4-5 weeks after
transplantation, that is, 6- to 7-week-old grafts. Transplanted grafts of all genotypes consistently devel-
oped mature photoreceptor layers as a major composite, characterized by small and dense nuclei, sur-
rounded by inner retinal cells. We characterized graft inner cell composition by their PKCa (rod bipolar
cells), secretagogin (SCGN) (subsets of cone bipolar cells), Chx10 (pan bipolar cells), Calretinin (subsets
of RGCs and amacrine cells), and Calbindin (horizontal cells and subsets of amacrine cells) expression (Fig-
ures 2 and S3A). We first assessed if PKCa.* rod bipolar cells were actually reduced as primarily aimed in this
study. In grafts derived from all the Bhlhb4™/~ and Islet1™~ clones, the number of PKCa™ cells was consis-
tently and markedly reduced (Figures 2A and 2B). Our data show that PKCa" cells account for about 0.14
[95% confidence interval (Cl) = 0.04-0.38] of the inner cells in wt grafts and about 0.04 [95% CI = 0.01-0.16]
and 0.02 [95% Cl = 0.00-0.09] in Bhlhb4™'~ and Islet1™/~ grafts, respectively (confidence in the difference in
the effect of graft genotype, i.e., the fraction of area over zero of the difference in the distributions, was 97%
for Bhlhb4™'~-wt, 99% for Islet1™’~-wt, and 84% for Bhlhb4 '~ Islet1~/7). On the other hand, cone bipolar
cells (SCGN™) seemed to decrease slightly in Islet1™/~ (0.19 [95% CI = 0.09-0.30]) compared with the wt
(0.28 [95% Cl = 0.16-0.42]), whereas the decrease in Bhlhb4~'~(0.25 [95% CI = 0.14-0.36)) is not as evident
(confidence in the difference in the effect of graft genotype for SCGN* cells were 72% for Bhlhb4™'~-wt,
93% for Islet1™~-wt, and 86% for Islet1™/~-Bhlhb4~/7). These results are consistent with the notion that
Bhlhb4 affects rod bipolar cells specifically, whereas Islet affects both rod and cone bipolar cells.
Chx10 immunoreactivities, which are typically suggestive of bipolar cells in the mature retina but also

iScience 24, 102866, August 20, 2021 5




- ¢ CellPress

graft

host

graft

host

PROL & P
R k"*r"‘f-;.ﬂ.

RN

wt

0.80
0.40

Bhlhb4"

Nrl-GFP PKCa

Islet1”-

0.04

>0.02
=

» 0.00
ﬂc) 0.80
30

6

0.40

0.04
0.02
0.00

elep

lopow

0 51015200 5 1015200 5 10 15 20
n synapse

iScience 24, 102866, August 20, 2021

iScience

L7 RIBEYE

L7 RIBEYE"

K Probability of synapse - Average number of

[—-v—
-09 -0.2 04

——
-04 0.2 038

density

———
-07 0 0.7

-1 0 1
—_—
higher probability of synapse

Synapse per L7* cell

30"
-0.4-0.2 -0.1
. 20"
= -0.10.1 0.3
[}
f=
8 10 !
-0.1 0.1 03
0 — ‘ ]
-0.5 0.0 0.5
—_—

more synapses per bipolar cell



iScience ¢? CellPress
OPEN ACCESS

Figure 3. Host-graft synapse formation

(A and B) Example of graft (Bhlhb4~7) contacting host forming an outer nuclear layer (ONL) reminiscent of wildtype retina. PKCa-positive host bipolar cells
extend dendrites with the presynaptic marker (RIBEYE) at their tips and graft ONL shows oriented inner/outer segment-like structures (arrow heads). (C-I)
Representative images of synapse formation from Bhlhb4~/~ grafts.

(C) L7-GFP host rod bipolar cells (cyan) are extending dendrites toward graft photoreceptor cells.

(D-G, and ) Example of synapse quantification. (D) Shows the L7-GFP host bipolar cell dendrites. RIBEYE (from Ribeye-reporter graft cell line) (E) and
Cacnals (immunolabeled) (F) pairs at the tip of L7-GFP cells were treated as host-graft synapses (G).

(H and 1) Heterogeneity in synaptic integration. The right part of the image shows extensive synaptic contact, with L7-GFP bipolar aggressively extending
toward graft photoreceptor cells while host bipolar cells on the left are completely retracted and show no synapse formation.

(J-L) (J) Histogram of number synapse per L7-GFP cell (host bipolar). Note that the scaling of the vertical axis has been altered to facilitate visualization
(dotted line). Top panels represent the raw data while bottom rows represent the modeled data. Most of the host bipolar cells do not form synapses with the
graft, resulting in a large zero-count. The effect of the graft on the probability of forming synapse (K) and the average number of synapses per L7-GFP cell (L),
respectively, was estimated using a zero-inflated Poisson model and shown with 95% compatibility intervals and modes indicated. Note that the horizontal
scale for (K) is in log odds and (L) in log. Larger values in (K) indicate larger probability of synapse and higher values in (L) indicate more synapses per bipolar
cell. GCL: ganglion cell layer, INL: inner nuclear layer, ONL: outer nuclear layer. 10,354 observation (L7-GFP bipolar cells) from 27 mice (9 wt, 9 Bhlhb4~'~,
9 Islet1™/7) were used for this analysis. Per mouse posterior predictions are provided in Figure S4.

present in some Miiller cells, were also reduced in Bhlhb4~~ and slightly less in Islet1~/~ (confidence in the
difference in the effect of graft genotype for Chx10* cells were 99% for Bhlhb4 ™' ~-wt, 84% for Islet1™/~-wt,
and 99% for Bhlhb4™'~- Islet1~/7). It is noteworthy to mention that Chx10* cells in Islet1™/~ were character-
ized by a weaker signal, indicating these cells were different from typical bipolar cells. The number of
Calbindin* and Calretinin* cells were similar among wt, Bhlhb4™'~, and Islet1™~ grafts (Figure S3). Addi-
tionally, we investigated if photoreceptor population was changed in Bhlhb4™~ and Islet1™/~ grafts owing
to the reduction in the number of bipolar cells. Photoreceptor rosettes varied in size but consistently pre-
sented a strong rhodopsin expression at segment-like structures inside rosettes. The number of rod photo-
receptor cells seems to be proportional to the number of graft cells (Figures 2C and 2D). We found no sig-
nificant differences in the photoreceptor content, with all cell lines producing grafts of about 0.6 rod
photoreceptor content (Figures 2D and S3). Finally, while most of the grafted cells formed spherical rosette
structures, substantial organization of the highly polarized ONL structure was observed in some cases (Fig-
ure 3A, Bhlhb4™/7). This was sporadically observed and seemed to be independent of the graft genotype
(wt, Bhlhb4™", Iselet1™/7). Although we do not yet know the specific conditions leading to these cases,
they showcase the regenerative potential after transplantation in the end-stage degenerate retina.

Bhlhb4 '~ and Islet1~/~ grafts have more synapses per host bipolar cell

We have often seen images indicative of robust neural integration, such as in Figures 3A and 3B, with host
bipolar dendrites extending toward graft cells and surrounded by photoreceptor presynaptic marker
RIBEYE (Akiba et al., 2019). It is, however, difficult to confirm bona fide synapses formed between host bi-
polar cells and graft photoreceptor cells (hereinafter referred to as “de novo” synapse), as graft bipolar
cells may also form synapses. In order to identify de novo synapses, we used rd7;L7-GFP mice as host
and grafts derived from the Ribeye-reporter cell line (Mandai et al., 2017). Additionally, we immunostained
the postsynaptic marker Cacnals and counted synapses on the dendritic tips of host L7-GFP™ rod bipolar
cells, ensuring that we are counting genuine synapses and that these are between host and graft cells. Fig-
ures 3C-3G show an example of host-graft synapse formation in Bhlhb4~'~ line. L7-GFP* bipolar cells form-
ing de novo synapses exhibited the typical candelabra-like dendritic arbor of normal rod bipolar cells (Fig-
ure 3C, Video S1) in contrast to the dendrite-less morphology of the degenerate retina. Notably, host rod
bipolar cells sometimes extended their dendrites far into the graft area (Figures 3H and 3I, right area). The
majority of host bipolar cells do not make contact at all, but when they do, multiple synapses are formed
between a hostbipolar cell and graft photoreceptor cells, resulting in synapse distribution with a sharp zero
count. Figure 3J shows the distribution of the number of synapses per host bipolar cell (L7-GFP¥). These
data are best described as a mixture of two distributions with two parameters, known as “zero inflated Pois-
son.” One distribution, the large zero counts, describes the probability of forming a synapse at all (), and
the other one, the broad peak, describes the average number of synapses (1) once synaptic contact is es-
tablished (Figure S4A). The probability of host bipolar cells to form synapses varied greatly. For example,
the modes of predicted value (Figure S4B: predicted value) range from —2.4 to —1.2 (log odds) correspond-
ing to probabilities ranging from 0.08 to 0.23. Except for a modest improvement in Bhlhb4™'~, the effect of
different graft genotype was unclear with estimated effect ranges largely overlapping (Figures 3K and S4B;
confidence in the difference in the effect of graft genotype was 84% for wt-Bhlhb4™/~, 66% for wt-Islet1~/~,
and 66% for Islet1~/~-Bhlhb4~/7). On the other hand, there was a notable increase in the average number of
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Figure 4. mERG and RGC response to 10-ms pulse stimulus

(A) Examples of MEA recording with graft location, mERG b-wave-like response, and RGC response overlaid for each graft genotype. Color tiles represent
the graft location (on, edge, off). mERG b-wave-like activity by amplitude (>3-sd) and RGC activity by cell number are shown as circles and bars, respectively,
over the 8 x 8 electrode locations. Red bars indicate the number of light-responsive cells, and white bars show the number of cells with spontaneous
spiking >3Hz. See Figure S5 for more examples of recordings.

(B and C) Summary of collected data and posterior predictive check. Circles indicate the observed probability with bars showing the 95% compatibility
interval of binomial trials as calculated by the exact method (Clopper and Pearson). The predictions from our model are shown as violin plots, with wider
regions indicating more likely values. (B) shows the probability of observing a b-wave peak on a channel, and (C) shows the probability of RGCs to respond to
light at 8 and 12 weeks after transplantation (TP).

(D-I) Posterior distribution (main effect) of mMERG b-wave and RGC response models. Plots show: graft genotype (D), graft topology (E), L-AP4 treatment (F),
stimulus strength (G), time after transplantation (H), and host genotype (I). Full description of the model parameters, including covariates and interaction
terms is provided in Figure S6 (b-wave model) and Figure S7 (RGC response model). Horizontal axes are in log odds, with higher values indicating higher
probability of response. n = 30,167 observations, from 6827 cells, collected from 38 animals (9 wt, 13, Bhlhb4™"~, and 16 Islet1™/~) mice (male only), the same
mice cohort from the RGC response analysis (Figures 5 and 6).

synapses per host bipolar cell in the KO lines (Figure 3L; confidence in the difference in effect of graft ge-
notype was 98% for Bhlhb4™'~-wt, 98% for Islet1™/~-wt, and 64% for Bhlhb4™'-Islet1~/). Interestingly, we
also found that sex of the host has a significant effect on the outcome resulting in more synapses per bi-
polar in females (Figure SAC; confidence in the difference in the effect of sex was 91% for male-female).
In addition to these main effects (overall effects), we estimated the interactions, conditional effects that
are present under different combinations, of graft genotype and animal sex (Figure S4, genotype x sex
panels). Together the effects of line and sex and their interaction indicate that wt grafts produce 3-6 syn-
apses (male: 3.2 [95% ClI = 2.4-4.3], female: 5.1 [95% Cl = 4.0-6.5)), Bhlhb4™'~ grafts produce 4-7 synapses
(male: 5.3 [95% Cl = 3.9-7.2], female: 5.5 [95% CI = 4.5-7.0]), and Islet1™/~ grafts produce 4-9 synapses
(male: 6.0 [95% Cl = 3.4-9.6), female: 5.7 [95% C| = 4.7-7.0]) per L7" bipolar cell. The large variability in
the probability of synapse, compared with the more stable and narrower estimates for the average number
of synapses, perhaps reflects the stochastic nature of transplantation procedures. Finally, it is noteworthy
that some rod bipolar cells were able to make up to 20 synapses. This value is similar to the number of syn-
apses for a single bipolar cell in the wt retina, with reported values varying from 25 (Tsukamoto and Omi,
2013) to 35 (Behrens et al.,, 2016). Although such robust de novo synaptic formation was rare, it highlights
the potential for extensive synaptic formation of transplanted grafts.

De novo host-graft connection remains steady while intragraft connection decays

Transplanted retinas were examined by multielectrode array (MEA) recording at 8 and 12 weeks after trans-
plantation in male rd1 or rd1;L7-GFP mice that were transplanted at 8-12 weeks old. Although no obvious
mERG a-waves were detected with the 10-ms pulse stimulation, we consistently observed mERG b-waves
as upward peaks of field potential near and over the grafted area, sometimes accompanied by RGC re-
sponses (Figure 4A; see Materials and Methods for details). The summary of data (circles) and model
predictions (violin plots) for the mERG b-wave probability (Figure 4B) and the response probability of all
detected RGCs (Figure 4C) at different conditions indicate the model is a reasonable description of
collected data. The recorded data are multidimensional, with observations being influenced by several
predictors (parameters), including graft genotype, graft topology (whether the tissue on top of the
recording electrode was covered by graft cells), L-AP4 treatment, stimulus strength, time after transplan-
tation, host genotype, tissue damage, and individual mouse biases. The effect of these predictors was esti-
mated using hierarchical Bayesian inference, considering the hierarchy between predictors. We also
included b-wave amplitude and spontaneous spiking frequency as covariates to estimate the probability
of RGC response. Our model shows the RGC response probability is anticorrelated to both the b-wave
amplitude and the spontaneous spiking frequency (Figure S7 spontaneous firing frequency). Interestingly,
KO grafts exhibited similar RGC responsiveness to wt grafts despite their reduced b-wave activity (Fig-
ure 4D; the confidence in the difference in the effect of graft genotype on b-wave amplitude was 80%
for wt-Bhlhb4™'~, 95% for wt-Islet1™'~, and 87% for Islet1~'~-Bhlhb4~'"), possibly reflecting the presence
of a greater number of PKCa." rod bipolar cells in wt grafts than in KO grafts (Figure 2B). Channels within or
at the edge of the graft-covered areas have both higher b-wave probability and RGC response probability,
indicating these responses are graft-driven (Figures 4E, S6, and S7 graft coverage; confidence in the effect
of graft topology were 100% for on-edge, on-off, and edge-off for both the b-wave and RGC response).
L-AP4, the agonistic blocker of glutamate receptor mGluR6 known to be specifically expressed by ON-bi-
polar cells, largely abolished both b-wave and RGC responses (Figure 4F; confidence in the effect of L-AP4
was 100% for before-L-AP4 and L-AP4-after for both b-wave and RGC response), suggesting the
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Figure 5. RGC response to 1-s continuous light stimulus

(A) Representative raster plots and peristimulus time histograms of normal mouse, rd7 mouse, and rd1 mouse transplanted with retinal organoids. Raster
plots show three repeat recordings from some representative cells. Histogram lines show the spiking frequency of each cell, with bars on top indicating the
1-s light stimulation (strong stimulus for normal and rd7, and medium stimulus for transplanted mice).

(B) Summary of response type ratios of different graft types under different light stimulation and graft coverage from all the recorded samples.

(C) Response probability (1 — 6yigh:) of collected data for strong light stimulation at 8 and 12 weeks after transplantation (TP) is shown along with model
predictions. Circles indicate the observed probability with bars showing the 95% compatibility interval of binomial trials as calculated by the exact method
(Clopper and Pearson). The predictions from our model are shown as violin plots, with wider regions indicating more likely values.

(D) Hierarchy of RGC response categories for light response pattern.

(E-I) Posterior distributions of the parameters for the “no light response” probability (fyigs) for RGC types. Panels show: graft genotype (E), time after TP (F),
host genotype (G), spontaneous firing (H), graft topology (1), and stimulus strength (J). For the posterior distributions of the full model parameters including
all the response categories, refer to Figure S10. Horizontal axes, compatibility intervals, and modes are in log odds. n = 16,353 observations, from 5738 cells,
collected from 38 mice (9 wt, 13, Bhlhb4~/~, and 16 Islet1™/7).

requirement of photoreceptor-bipolar synaptic connection for these light responses. The intensity of light
stimulus has a clear and significant effect, with stronger stimuli increasing both b-wave and RGC response
probability (Figure 4G; confidence in the effect of stimuli was 100% for weak-strong for both the RGC
response and b-wave) although the effect is less pronounced for wt graft b-wave and more apparent in
wt RGC response (Figures S6 and S7 graft genotype and stimulus interaction). Intriguingly, the b-wave
probability but not RGC responsiveness clearly decreases from 8 weeks after transplantation to 12 weeks
after transplantation (Figure 4H; confidence for the effect of time after transplantation was 96% for SW-12W
for the b-wave), possibly indicating that the established host-graft connectivity by 8 weeks after transplan-
tation remains steady while the intragraft connections may be lost with time. Unexpectedly, we found a
small but noticeable effect on RGC response probability when using the mice with L7-GFP labeling as
host (Figure 4l; confidence in the effect of L7-GFP was 89% for the RGC response), especially when trans-
planted with wt and Islet1™~ grafts (Figure S7; confidence in the interaction of graft genotype and host
genotype was 89% for wt-Bhlhb4™'~ and 94% for Bhlhb4™'~-Islet1™/~, respectively). We also confirmed
that these RGC responses of transplanted retinas derived from host RGCs by two-photon calcium imaging
(Figure S8).

ON-pathway activity dominates the host RGC responses in transplanted retinas

Figure 5A shows representative raster plots and peristimulus time histograms of recordings from a normal
mouse, an rd1 mouse transplanted with wt and KO grafts, and an age-matched rd1 mouse without trans-
plantation. It is evident that grafts can restore some of the light responsiveness lost in the end-stage rd1
mice. While recordings were carried out with 9-cis-retinal for a more stable response, the light response
was clearly present even without supplemental 9-cis-retinal, indicating that graft photoreceptors can
potentially function in vivo without direct retinal pigment epithelium contact in spite of the rosette forma-
tion. We further characterized RGC activity (both responsive and spontaneous) taking into account graft
genotype (wt, Bhlhb4~'=, and Islet17/7), L-AP4 treatment, stimulus intensity, and graft coverage. We exam-
ined the response pattern (ON, OFF, etc.) of individual cells to the 1-s light stimulus through the full before-
during-after L-AP4 treatment procedure and separated RGCs to 4 functional types: not responding to light
(unresponsive) or being responsive with robust ON responses from the beginning (on) or after L-AP4
(adapted on), or with response containing the OFF-pathway component (onXoff) (see Materials and
Methods for detailed description and categorization). Surprisingly, we found the majority of responding
RGCs were on or adapted on types (Figure 5B), with the latter showing ON responses enhanced or
emerging after L-AP4 treatment, suggesting the potential of newly formed host-graft synapses to be sensi-
tized. These adapted on responses seemed to be more common in Islet than in the other grafts,
although we cannot be very confident of these differences owing to the wide Cls (Figure S10 graft geno-
type; confidence in the effect of graft genotype for adapted on response probability was 76% for wt-
Islet1™'~ and 84% for Bhlhb4™/~-Islet1~/"). The onXoff RGCs, covering only a small portion of responsive
RGCs, are suggested to have inputs from the OFF pathways as they responded to the light offset. However,
these OFF responses were largely diminished by L-AP4 blockade, implying their dependence of ON-
pathway activities, potentially via cross-inhibition. Such ON-OFF crossover activities are more often seen
in the Islet1™/~ and less frequently in Bhlhb4™'~ lines (Figure S10 graft genotype; confidence in the effect
of graft genotype for onXoffresponse probability was 92% for wt-Bhlhb4™'~, 89 for wt-Islet1~/~, and 100%
for Bhlhb4~'~-Islet1™") and are more strongly associated with graft coverage in KO lines (Bhlhb4™'~ >
Islet1™~ > wt, Figure S10 graft genotype and topology interaction).

1=/~
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Host RGC responses are strongly associated with graft

Figure 5C shows the summary of collected data and model predictions for the probability of individual
RGCs to respond to light. We estimated the effect of predictors using hierarchical Bayesian linear regres-
sion, taking into account the dependence between predictors. We used a conditional logit model to esti-
mate the probability of the unresponsive and three responsive types (on, adapted on, and onXoff). In this
model, a simple hierarchical structure among these RGC functional types is assumed as shown in Figure 5D.
First, the probability of unresponsive RGC (fyjigp,) is estimated (the exclamation symbol in “!light” denotes
the logical NOT operator). Note that 1 — ygh is the probability of cells to respond to light, and therefore,
lower values of g indicate higher responsiveness. Of the cells that respond to light (excluding the un-
responsive RGCs), cells responding to light offset have a probability 0,,x.# to be onXoff type, and the
rest of responsive cells (responsive cells excluding onXoff type) have either a probability 6,, to be “on”
or 1 — 0o, to be adapted on type. Figures S5SE-5J show the posterior distribution of parameters affecting
the probability of unresponsive RGC (fyjign;). Consistent with RGC response to 10-ms stimuli, we did not
find significant differences between graft genotypes for RGC responsiveness (Figure 5E). There is a clear
correlation with graft coverage for response probability (Figure 5I; confidence in the effect of graft topol-
ogy on the probability of being unresponsive was 100% for on-edge, on-off, and edge-off).. We estimate
that upon weak light stimulation, cells have approximately 0.03 [95% Cl = 0-0.23] response probability
on areas not covered by the graft (off), whereas cells below the graft (on) have a 0.24 [95% CI = 0.04-
0.72] response probability. In addition to the overall effects of the predictors (the main effects), we further
characterize the effect of different graft types by estimating interaction terms with graft genotype. The
interaction terms are effects additional to the main effect, under particular combination of predictors.
Consequently, although there is a strong overall preference for responses on areas under and near the graft
(on > edge > off, Figure 5 top), wt grafts were characterized by more responses on the “on" graft areas
than the other grafts, whereas KO grafts show more responses on “edge” graft areas than wt grafts (Fig-
ure 51 genotype x topology; confidence in the effect of interaction of genotype and topology was higher
than 99% for wt-Bhlhb4™'~ and wt-Islet1~'~ for both on and edge locations). Thus, although the overall
responsiveness is similar among graft types, KO line responses are more dispersed and far-reaching. These
light responses were intensity-dependent, with stronger stimuli eliciting more responses (Figure 5J; con-
fidence in the effect of stimulus strength was 100% for weak-medium and weak-strong and 93% for me-
dium-strong). Interestingly, KO graft-transplanted retinas seem to be more sensitive to low-intensity light
(Figure S10; confidence in the effect of interaction between graft genotype and stimulus strength was 99%
for wt-Bhlhb4™'~ and 100% for wt-Islet1~’~ and Bhlhb4~/~-Islet1~’~ for the weak stimulus), whereas the wt
had more robust responses under stronger light stimulation. RGC responses remained largely identical at
8 weeks and 12 weeks after transplantation (Figure 5F). Notably, cells with higher spontaneous activity tend
to respond less to light (Figure 5H). Lastly, there was an unexpected effect of host genotype, wherein L7-
GFP hosts seem to respond better than non-L7-GFP hosts (Figure 5G; confidence in the effect of host ge-
notype on responsiveness was 93%).

Inputs from Bhlhb4 '~ grafts drive host RGC ON responses with better signal-to-noise ratio

Since the increased spontaneous activity in degenerating retina may interfere with light responses, we also
analyzed the spontaneous firing of RGCs using the spiking rate of cells from the 9-s recording before light
stimulation. Figures 6A and 6B show an example from a sample, illustrating the effect of lowered sponta-
neous activity by grafts. Figure 6C shows population averages for the three graft types. As the distribution
of spontaneous firing follows a lognormal distribution, we estimated the effect of different parameters on
the logmean. Figure 6D shows the distribution of RGC firing frequency for responsive and unresponsive
cells for different graft genotype, overlaid with model predictions (see Figure S11 for the same plot in
log frequency). In this analysis, we used light responsiveness instead of graft topology, as light responsive-
ness is a more accurate indicator that RGCs have connections that lead to graft photoreceptors. Our
analysis indicates that higher spontaneous activity is reduced in host retina transplanted with Bhlhb4™/~
(Figure 6E, confidence in the effect of graft genotype was 87% for wt-Bhlhb4~'~ and 92% for Bhlhb4~/~-
Iselet1™/7). Spontaneous activity clearly decreased after L-AP4 washout (Figure 6G, confidence in the effect
of L-AP4 was 100% for before-after and L-AP4-after), and we speculate that this is related to the sensitiza-
tion of host-graft synapses by L-AP4, followed by a dis-inhibitive potentiation of bipolar cells after washout.
Similar to RGC responses, spontaneous firing remained largely identical at 8 weeks and 12 weeks after
transplantation (Figure S11 time after TP). There is a clear and substantial difference between cells that
respond to light (on, adapted on, onXoff) and cells that do not (unresponsive), with responsive cells having
lower spontaneous activity (Figures 6E and S171 responsiveness; confidence in the effect of light
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Figure 6. RGC spontaneous firing before light stimulation

(A and B) Examples of MEA recordings. (A) shows the position of graft (on, edge, off) on the 64 electrodes of the MEA probe. The dark gray areas indicate
areas where tissue damage was apparent (see Materials and Methods for details). (B) shows the peristimulus histogram of three channels (11, 32, and 60, each
with 5 cells detected) which correspond to on, edge, and off graft areas, respectively.

(C) shows population averages of spontaneous firing rate (the height of the baseline) and light responses (peaks triggered by onset and offset of light
stimulus) on different graft areas (on, edge, and off) and before, during, and after L-AP4 treatment. The bar on top indicates the 1-s light stimulation. This is
the average of responses to samples collected 12 weeks after transplantation and stimulated with the strong light condition. See Figure S9 for population
averages of other conditions. The spontaneous activity (defined as the average firing frequency prior to light stimulation) was modeled with a lognormal
distribution.

(D) shows the histogram of the spontaneous firing rate overlayed with the modeled lognormal distribution for responsive and unresponsive of host
transplanted with different graft genotype. The same plot but in with the horizontal axis in log is shown in Figure S10.

(E) Posterior distributions of the parameters affecting the logmean. For the posterior distributions of the full model parameters, refer to Figure S11.

n = 44,213 observations, from 5738 cells, collected from 38 mice (9 wt, 13, Bhlhb4 ™/, and 16 Islet1™"").
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responsiveness was 100%). Interestingly, there was a small but distinctive effect of graft genotype on the
effect of light responsiveness, with KO grafts having lower spontaneous firing rates in unresponsive cells
(Figures 6E and S11 graft genotype responsive interaction; confidence in the effect of graft genotype
was higher than 99% for wt-Bhlhbd™'=, wt-Islet1™/~, and Bhlhb4~"~-Islet1~/~ for both responsive and unre-
sponsive cells).

Mice transplanted with Bhlhb4 ~/~ and Islet1™/~ grafts perform better at light avoidance
response

While KO grafts did not show a noticeable improvement on the RGC light response over wt grafts, they
seemed to better suppress high-frequency spontaneous spiking. We speculated that KO graft transplan-
tation would result in better functional recovery owing to its reduced noise. To test this, we conducted a
behavior examination of light avoidance (Figure 7, see Materials and Methods for details). Mice were
placed in a cage with two chambers which are randomly illuminated by mesopic light proceeded by a
mild electric shock. Mice that move often, indicated by higher inter trial interval (ITl) counts, can avoid
the electric shock purely by chance as can be seen in Figure 7A for the negative control. However, mice
that can perceive the light learn to avoid the electric shock using the light as a cue, shifting this curve up-
ward. We modeled the effect of each group (wt, Bhlhb4~'~, Islet1™’~, and negative control) on the success
probability while accounting for the ITI and other factors (Figure S12). Consistent with our hypothesis, we
found that mice transplanted with KO grafts performed better than wt grafts (Bhlhb4™'~ > Islet1™/~ > wt,
Figures 7B and 7C; confidence in the effect of graft/group was 90% for wt-negative, 98% for Islet1™'~-nega-
tive, 100% for Bh/hb4’/’—negative, 80% for wt-Islet1™/~, 96% for wt-Bhlhb4™’'~, and 80% for Bhlhb4 /-
Islet1™7). We found that females performed somewhat better than males (Figure S12; confidence in the
effect of sex was 89%). In females, both Bhlhb4~'~ and Islet1™/~ grafts show a modest improvement
over wt grafts, whereas the improvement is only apparent in Bhlhb4~'~ in males (Figure 7D).

DISCUSSION

In this study, we prepared Bhlhb4™/~ and Islet1™~ grafts aiming to reduce the population of graft bipolar
cells to improve the first synaptic transmission in the reconstructed retina from graft photoreceptors to host
bipolar cells. An alternative approach would be to use organoids that are further along the retinal devel-
opment with a clearly defined ONL and mechanically eliminating the inner part of the retina. However,
we have shown that DD17 grafts (approximately equivalent to embryonic day 17) or earlier are more suited
for transplantation as they are able to develop structured ONL with functional reconstruction after trans-
plantation, whereas transplantation of older grafts tend to result in disorganized structures (Assawachana-
nont et al., 2014; Mandai et al., 2017). Our approach of using genetically engineered grafts allows us to
properly time photoreceptor development and transplantation, while drastically reducing the population
of graft bipolar cells.

The PKCa." rod bipolar cell population was markedly reduced as expected; however, this did not translate
to concomitant photoreceptor enrichment. It is possible that nascent progenitor cells are diverted to alter-
native cell fates or remain partially differentiated, unable to commit to a final retinal cell fate in
Bhlhb4~'~and Islet1/~ grafts (Elshatory et al., 2007; Pan et al., 2008). Overall, however, Bhlhb4~’~ and
Islet1~/~ grafts displayed typical photoreceptor differentiation and maturation, with a prominent photore-
ceptor rosette and/or layered structure surrounded by some inner retinal cells, essentially identical to wt
grafts except for the reduced bipolar cell population.

KO grafts did not substantially increase the number of host bipolar cells forming synapses, or improved
RGC light responsiveness. Instead we found that KO grafts allow a higher number of synapses per host bi-
polar cells, possibly owing to the higher number of graft photoreceptors without intragraft partners. The
higher number of synapses per rod bipolar is also consistent with the higher light responsiveness to
weak light stimuli observed in KO-graft-transplanted retinas. On the other hand, KO graft effects were
characterized by reduced spontaneous activity in the host retinas. Degenerated retinas are characterized
by increased spontaneous activity owing to the lack of photoreceptor input (Biswas et al., 2014; Trenholm
and Awatramani, 2015; Tu et al., 2016). It is tempting to speculate that host bipolar cells were able to estab-
lish more connections in grafts deprived of bipolar cells, resulting in sufficient photoreceptor input to
restore inner retinal signaling and to reduce aberrant RGC activity. This in turn may be reflected in the bet-
ter performance of KO-graft-transplanted animals in behavior tests. The reduction in spontaneous activity

(Figure 6) and better performance in behavior test (Figure 7) seem to indicate Bhlhb4~'~ is more
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Figure 7. Light avoidance test

Mice are placed in a dark box and presented with a light cue before a mild electric shock. Mice that can sense the light learn to avoid the electric shock using
the light cue.

(A) The number of successful avoidances out of 30 trials is plotted against intertrial interval (ITl), which represent the sporadic movements of the mouse.
Numbers indicate the id of a mouse for each group. Success count increases with ITl as mice that move often may avoid the shock purely by chance. Mice that
perceive light and learn to use it as a warning can increase their success count with lower ITI. The number of success counts was modeled using the binomial
distribution using group, sex, mouse, ITl, and trail number as predictors, and the shaded area shows the 95% predicted success count.

(B) Estimated effect of each group (84,,) with 95% compatibility intervals. Distribution for the rest of the parameters is provided in Figure S12. Note the
horizontal axis is the log odds.

(C) Overlay of predicted mean avoidance.

(D) Predicted success rate, at ITl = 0, for male and female mice. Note that the bottom axis is logit (log odds). The number of mice used for this analysis was 86
mice (14 wt, 15 Bhlhb4~'=, 11 Islet1™/~, and 45 age-matched negative control (rd1)).

advantageous than Islet1™'~, at least in male mice, although synaptic connectivity was similar. It may be
that we were unable to observe differences in connectivity owing to the large sample variation, or alterna-
tively it may be that although the number of synapses is similar, the quality, i.e. the strength of synaptic
connectivity (Akiba et al., 2019) or the distribution of synapse across rosettes differs. Although we are un-
certain of the underlying mechanism, reduction in aberrant RGC activity seems to substantially improve the
performance after transplantation. This highlights the importance of future approaches to focus on
the reconstruction of the inner retina circuitry in addition to neural integration of transplanted cells, as
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Table 1. Predictors for analysis of b-wave

Predictor Meaning Value

Biin Line genotype wt, Bhlhb4~"~, Islet1~/~

Bstm Stimulus strength Weak, strong

Bim Time after transplantation 8 weeks, 12 weeks

Birg Host genotype rd1, rd1;L7-GFP

Bend Condition Before L-AP4, L-AP4, after L-AP4

Bipl Graft topology On graft, edge of graft, off graft

Bamg Tissue damage No damage, damage

Brmus Mouse Mouse id 1 ... 38

- Interaction of line and time (wt, Bhlhb4™", Islet1~/") x (8 weeks, 12 weeks)
Biinxipl Interaction of line and topology (wt, Bhlhb4™"~, Islet1~") x (on, edge, off)
B Interaction of line and stimulus (wt, Bhlhb4~"~, Islet1~/~) x (weak, strong)
Binxizg Interaction of line and host (wt, Bhlhb4™"~, Islet1™7) x (not L7, L7)
Blinxend Interaction of line and condition (wt, Bhlhb4="~, Islet1~/7) x (before, L-AP4,

after)

degenerated retinas undergo neural remodeling (Jones and Marc, 2005; Marc et al., 2007). Our results indi-
cate the possibility that remodeled inner retinal circuitry can still be reengaged with sufficient photore-
ceptor input.

KO-graft-transplanted retinas display reduced b-wave activity despite the similar RGC light responsive-
ness, consistent with the reduction in bipolar cell population in the graft (wt > Bhlhb4™'~ > Islet1™'~ for
both b-wave and bipolar cells; see Figures 2 and 4). We think the difference between b-wave and RGC
responsiveness is reflective of intragraft photoreceptor-bipolar connections. These intragraft connections
not only deprive the graft photoreceptor cells from forming contacts with host retina but also may have
some adverse effects on the host retinal activities. Our analysis of the spontaneous activity shows that
RGCs that are light responsive with synaptic inputs originating from graft photoreceptors have a clear
reduction in spontaneous activity. However, in unresponsive host cells without effective inputs from grafts,
the spontaneous activity is higher wherein more presumptive intragraft photoreceptor-bipolar connections
exist. Although we are not certain of the mechanism that leads to more spontaneous activity in grafted
areas with more intragraft connections, these results further highlight the benefits of KO grafts.

During the course of our experiments, we found unexpected effects of host genetic background. First, host
sex seems to affect synapse formation and possibly the behavior response, with females performing better
than males. Second, rd1;L7-GFP mice seem to perform better in MEA recordings than rd7 mice although

Table 2. Predictors for conditional categorical model of RGC light response to 1s stimuli

Predictor Meaning Value

B, lin Line genotype wt, Bhlhb4="~, Islet1™/~

Bk stm Stimulus strength Weak, middle, strong

Bk, tim Time after transplantation 8 weeks, 12 weeks

B g Host genotype rd1, rd1;L7-GFP

B, tpi Graft topology On graft, edge of graft, off graft

Bk, dmg Tissue damage No damage, damage

Bk, mus Mouse Mouse id 1 ... 38

B, linxtim Interaction of line and time (wt, Bhlhb4™/~, Islet1/7) x (8 weeks, 12 weeks)

Bk, linxtpl Interaction of line and topology (wt, Bhlhb4~"~, Islet1~/") x (on, edge, off)

Bk, linXstm Interaction of line and stimulus (wt, Bhlhb4="=, Islet1~/7) x (weak, middle,
strong)

Bk, linxi7g Interaction of line and host (wt, Bhlhb4™"~, Islet1™/") x (not L7, L7)
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Table 3. Predictors for analysis of spontaneous activity

Predictor Meaning Value

Wiin Line genotype wt, Bhlhb4~"~, Islet1™/~

Hres Light responsiveness Unresponsive, responsive

Hstm Stimulus strength Weak, strong

Heim Time after transplantation 8 weeks, 12 weeks

Kirg Host genotype rd1, rd1;L7-GFP

Hend Condition Before L-AP4, L-AP4, after L-AP4

Kdmg Tissue damage No damage, damage

Hmus Mouse Mouse id 1 ... 38

Whnxiim Interaction of line and time (wt, Bhlhb4™"~, Islet1~/") x (8 weeks, 12 weeks)
iinxizg Interaction of line and host (wt, Bhlhb4™"~, Islet1™7) x (not L7, L7)
WlinXres Interaction of line and light responsiveness (wt, Bhlhb4~"=, Islet1~/7) x (unresponsive,

responsive)

these mice have the same C57BL/6J background. It is possible that the L7-GFP may retain some FVB/N
background. We do not currently understand how these differences originate, but it underscores the
need to control for these variables.

The requirement of establishing synaptic integration is a significant challenge for photoreceptor cell ther-
apies. We have re-enforced our previous report showing conclusively that stem-cell-derived retinas form
synaptic connections with the host to restore light responsiveness (Mandai et al., 2017). Furthermore, we
have expanded our analysis and shown that aberrant firing is reduced by grafts. This effect is further
enhanced in genetically engineered cell lines, perhaps owing to improved input to bipolar cells and there-
fore improved outcome of transplantation. Our genetically engineered cell lines are unlikely to result in
deleterious effects, as they are not introducing an exogenous gene, but rather deleting part of a gene
that is expressed in a subset of cells in the graft. Furthermore, in the reported Bhlhb4™'~ or Islet1™~
mice, there are no known unfavorable ocular abnormalities other than the reduction or absence of the
b-wave, and both morphology and function of photoreceptors seem normal. Local transplantation of these
tissues is therefore well justified considering the potential benefits in patients at the risk of becoming blind.

Limitations of the study

In this study, we transplanted to end-stage degenerated retinas (8- to 12-week-old rd1 mice), minimizing
the likelihood of observing the effects of remaining host photoreceptor cells or cytoplasmic material trans-
fer rather than neural integration of grafted cells (Pearson et al., 2016; Santos-Ferreira et al., 2016a; Singh
et al., 2016, Waldron et al., 2018). Furthermore, the use of end-stage rd7;L7-GFP model conclusively and
unequivocally proves the neural integration of grafted cells. However, while we are convinced that the
observed light responses, which are highly correlated to graft coverage, do not originate from so-called
“remaining cone cells,” we cannot rule out the possibility of remaining cones being rescued by cytoplasmic
material transfer or some other means. We, however, think this is unlikely as responses are observed even
under scotopic-mesopic light, more consistent with a rod-driven response. Furthermore, the number of
synapse-forming graft photoreceptor cells seems to largely excel the number of any potentially rescued
remaining host cone photoreceptor.

In our analyses, we found that host sex may play a role in the outcome of retinal cell transplantation. Given
the effect of sex on synapse numbers and performance in behavior tests, there may also be a significant
difference on the light response and/or the activity of cells observed by MEA recordings. However, owing
to resource limitations, we were not able to analyze the effect of sex on MEA recordings.

The effect of mice is substantially bigger than other predictors, such as graft genotype, in all analyses. This
large mouse-to-mouse variance is reflective of the innate stochastic nature in the transplantation proced-
ure. For example, the extent of damage to the host retina, which is already fragile owing to degeneration,
during transplantation, and/or dosage of successfully transplanted graft cells are factors that are
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challenging to control and/or account for in mice. As we can visually locate and map the location of the
graft on the host retina, this stochastic nature is less problematic for analyses of the local effects of the
transplantation, such as cell types, synapse formation, and cell activities (light response and spontaneous
firing). On the other hand, the large mouse-to-mouse variability may have obscured the effect of graft ge-
notype on the behavior test (Shuttle Avoidance System), as performance may well depend on graft size,
location, and integrating pattern. While these are challenging to control in mice, owing to its small size
and limitations on ophthalmological surgical equipment, these are issues that are less likely to be problem-
atic on primates.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-PKCa. NOVUS cat#NB600-201; RRID:AB_10003372
Mouse monoclonal anti-Chx10 Santa cruz Biotechnology cat# sc-365519;RRID:AB_10842442
Guinea pig polyclonal anti-human/mouse Rx Takara Cat# M229; RRID:AB_2783559

Mouse anti-glutamine synthetase Millipore Cat# MAB302; RRID:AB_2110656
Rabbit anti-glial fibrillary acidic protein Dako Cat# Z0334; RRID:AB_10013382
Sheep polyclonal anti-human secretagogin BioVender Cat# RD184120100; RRID:AB_2034062

Mouse anti-CtBP2

BD Bioscience

Cat# 612044; RRID:AB_399431

Mouse anti-Cacna'ls Millipore Cat# MAB427; RRID:AB_2069582
Rabbit anti-calbindin D-28K Millipore Cat# AB1778; RRID:AB_2068336
Rabbit anti-calretinin Millipore Cat# AB5054; RRID:AB_2068506
Mouse monoclonal anti-rhodopsin (RetP1) Sigma-Aldrich Cat# 04886, RRID:AB_260838
Chemicals, peptides, and recombinant proteins

L-AP4 Wako 016-22083

9-cis-Retinal Sigma-Aldrich R5754

Opsinamide Sigma-Aldrich AA92593

Critical commercial assays

RNeasy kit QUIAGEN 74004

Mouse Embryonic Stem Cell Nucleofector™ Kit Lonza VPH-1001

Deposited data

Retinal organoid microarray sequencing data NCBI's Gene Expression Omnibus GSE:178653

Experimental models: Cell lines

Mouse Nrl-GFP iPS-cell line Assawachananont et al., 2014 N/A
Tg(Nrl-GFP);Ribeye-reporter iPS cells Mandai et al., 2017 N/A
Thy1-GCaMPéf;Ribeye-reporter ES cells This paper N/A

Mouse Thy1-GCaMP6f ES cells This paper N/A

Experimental models: Organisms/strains

C57BL/6J-Pdesb™’2//) The Jackson Laboratory JAX004766
B6;FVB-Tg(Pcp2-EGFP)2Yuza/J The Jackson Laboratory JAX004690
B6;CBA-Tg(Thy1-GCaMP3)6Gfng/J The Jackson Laboratory JAX 0017893

Recombinant DNA

pSpCas?(BB)-2A-Puro (PX459) Addgene 48139

Software and algorithms

Fiji/lmageJ
IMARIS 8.4
R

Rstan

Schindelin et al., 2012
Oxford Instruments
R Core Team, 2020
Carpenter et al., 2017

https://fiji.sc
https://imaris.oxinst.com
https://cran.r-project.org

http://mc-stan.org
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Other

MEDé4 system Alphamed Scientific Inc. MEDé64-Basic

MED probe Alphamed Scientific Inc. MED-P515A
shuttle-avoidance system Muromachi Kikai CompACT SAS/W
Nucleofector Device Lonza Amaxa Nucleofector II
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Mandai Michiko (michiko.mandai@riken.jp).

Materials availability

Materials generated on this study are available from the corresponding author on request.

Data and code availability

® The microarray data discussed in this publication have been deposited in NCBI's Gene Expression
Omnibus and are accessible through GEO Series accession number GSE178653 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE178653).

® The code used for statistical analyses is available in a GitHub repository (https://github.com/
matsutakehoyo/KO-graft). The datasets supporting the current study have not been deposited in a pub-
lic repository because of the large size of the data but are available from the corresponding author on
request.

® Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

ES/iPS cell lines

Tg(Nrl-GFP) is a transgenic iPS cell line expressing GFP under the transcriptional control of Nrl
promoter (Akimoto et al., 2006; Homma et al., 2013). ROSA26*/NFCtBP2:itdTomato 1o 5 R6sa26 knock-in ex-
pressing a CtBP2 and tdTomato fusion protein under the Nrl promoter (Mandai et al., 2017). These
ROSAR6*/Nr-CtBP2itdTomato o netrycts will be referred to as Ribeye-reporter. We also constructed a
Ribeye-reporter line on the C57BL/&J-Tg(Thy1-GCaMP6f)GP5.5Dkim/J ES cell line (Thy1-GCaMPéf;
Ribeye-reporter) (Dana et al., 2014). Synapse count analysis and behavior tests were conducted with retinal
organoids derived from the Ribeye-reporter ES cell lines. Immunohistochemistry characterization (except
for synapse analysis), microarray analyses, and electrophysiology assays were conducted with grafts
derived from the Tg(Nrl-GFP) lines.

Animals

All the experimental protocols were approved by the animal care committee of the RIKEN Center for Bio-
systems Dynamics Research (BDR) and were conducted in accordance with local guidelines and the ARVO
statement on the use of animals in ophthalmic and vision research.

C57BL/6J-Pdebb™@1-2/191-2J/ ) (JAX stock #004766, hereinafter referred as rd1) mice were used as the end-
stage retinal degeneration model. B6;CBA-Tg(Thy1-GCaMP3)6Gfng/J (JAX stock #017893, hereinafter
referred as Thy1-GCaMP3) mice (Chen et al., 2012) were crossed with rd1 mice to generate rd71;Thy1-
GCaMP3 animals for live imaging using two photon microscopy. B6;FVB-Tg(Pcp2-EGFP)2Yuza/J (JAX stock
#004690) (Tomomura et al., 2001) crossed with rd1-2J (hereinafter referred as rd1;L7-GFP) were used for
host graft synapse analysis and electrophysiology. Eight- to 12-week-old mice of both sexes were used
for transplantation.
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METHOD DETAILS

Generation of Bhlhb4”" and Islet1”" cell lines

Bhlhb4™" lines were constructed by targeting sites upstream and downstream of the start codon as shown
on the schematics in FigureTA. Islet1”” lines were constructed by targeting an upstream site of the start
codon in exons 1 and the flanking region at the 3'-end of exon 2. Guide RNAs were designed using the
CRISPR design tool (http://crispr.mit.edu). The oligo pairs were cloned into the Bbsl-Bbsl site in the
plasmid containing Cas? and the single-guide RNA (sgRNA) scaffold (pSpCas?(BB)-2A-Puro, Addgene
plasmid ID: 481398), to generate puromycin-Cas9 fusion plasmids coexpressing sgRNAs (Ran et al., 2013).

Tg(Nrl-GFP);Ribeye-reporter iPS cells and Thy1-GCaMPéf;Ribeye-reporter ES cells were transfected with
Cas9-sgRNA complexes targeting Bhlhb4 or Islet1, using the mouse ES Cell nucleofector kit (Lonza) and
Amaxa Nucleofector Il device (Lonza) following the manufacturer’s instructions. Transfected cells were
treated with antibiotic (0.5-1 ug/mL puromycin) 24 hours after transfection for 48 hours. Four to 10 days
after antibiotic selection, antibiotic-resistant colonies were collected for passage and genotyping. Geno-
typing was performed by PCR using specific primers to amplify fragments from the wt allele and of a shorter
fragment from the deleted alleles (Figure 1). The PCR products from genotyping were purified (Macherey-
Nagel) and sequenced (Thermo Fisher Scientific) to confirm the deletion. At least 2 or 3 clones were ob-
tained for each KO line.

Transplantation of 3D retinas

Maintenance, differentiation, and optic vesicle structure preparation for transplantation of ES/iPS-cell-
derived retinas were as previously described (Assawachananont et al., 2014). Briefly, neural retina
(DD10-15), a characteristic continuous homogeneous epithelium region on the optic vesicle structure of
organoids, was cut out in a small piece (around 400 um x 500-800 pum), on the day of transplantation,
and inserted subretinally into the eye, at approximately 0.5-1 mm from the disk at the ventrotemporal
side, of the 8- to 12-week-old rd7 and rd1;L7-GFP mice with 1 mM VPA using a glass micropipette with a
tip diameter of approximately 500 pm. Indomethacin (10 mg/L) was added to the drinking water of all trans-
planted mice starting on the day of transplantation. OCT and fundus images of transplanted eyes were ac-
quired before sampling, and samples with unsuccessful transplantation (for example, leakage) were
excluded from the analyses.

RT-PCR of retinal organoids

Total RNA was extracted from the differentiated retinal organoids using TRIzol reagent (Invitrogen), and
cDNA was synthesized using Oligo(dT) primers and SuperScript Il reverse transcriptase (Invitrogen).
Target genes were amplified using SapphireAmp Fast PCR Master Mix (TaKaRa) with the specific primers
detailed in the supplemental materials.

Microarray analysis

Total RNA was extracted from the differentiated retinal organoids (5 retinal organoids for each condition)
using TRIzol reagent (Invitrogen) and was purified using RNeasy kit (QUIAGEN) following manufactures’ in-
structions. RNA quality check, concentration, and data collection using the SurePrint G3 Mouse GE micro-
array 8x60K Ver. 2.0 (Agilent technologies) were performed by Hokkaido System Corporation (Hokkaido,
Japan), according to Agilent protocols. The array contained 56,605 probe sets covering 37,074 genes.
The data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE178653. Data processing, analyses, and visualization were conducted in R
(R Core Team, 2020) using custom scripts. Probes below background level were discarded. For GO analysis,
GO annotations for the microarray (downloaded from Agilent’s site) were correlated with GO annotations
in the Mouse (GO.db: a set of annotation maps describing the entire Gene Ontology. R package, version
3.6.0).

Immunohistochemistry

After mice were sacrificed by cervical dislocation, the eyes were enucleated and immediately fixed with 4%
paraformaldehyde (PFA) for an hour at 4°C. The eyes were then washed with phosphate buffered saline
(PBS), followed by the removal of the cornea, iris, and lens under a microscope. For cryosection prepara-
tion, the eyes were infiltrated with 30% sucrose overnight at 4°C and embedded in optimum cutting
temperature (OCT) compound (4583, Sakura Finetek Japan, Tokyo) and stored at -30 °C. Coronal plane
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cryosections of 10-14 um thickness were made with a cryostat (Leica CM3050S). After two rounds of PBS
wash, sections were exposed to 0.1% Triton X-100 in PBS (vol/vol) for 30 min to permeabilize cellular mem-
branes. Cells were then blocked with blocking solution for 1 h at room temperature. Primary antibodies
were diluted in blocking solution and incubated with samples overnight. Samples were then rinsed three
times with 0.05% Tween-20 in PBS (vol/vol) and incubated with the appropriate secondary antibodies for 1 h
at room temperature and counterstained with DAPI (Life Technologies).

For free-floating immunostaining, 50-um-thick retinal flat mount sections were collected into 12-well tissue
culture plates containing cold PBS (5-8 sections/well) and blocked with staining solution (3% Triton X-100
and 1% BSA-PBS) at 4°C overnight. The samples were then incubated with primary and secondary anti-
bodies in staining solution at 4°C for three to four days and two days, respectively, and mounted with
2,20-thiodiethanol (Sigma) or VECTASHIELD (Vector). All staining procedures were performed with gentle
mixing on a rocker.

Images were acquired with a Leica TCS SP8 confocal microscope and reconstructed in 3D Imaris Micro-
scopy Image Analysis Software (http://www.bitplane.com/) and Fiji (ImageJ).

Electrophysiology: MEA recording

Micro electroretinogram (mERG) and RGC spiking were recorded using the MED64 system (Alphamed Sci-
entific Inc., Osaka, Japan) with a standard 8 x 8 probe (MED-P515A) as described in detail in the following
(Fujii et al., 2016; Iraha et al., 2018; Tu et al., 2018; Tu and Matsuyama, 2020). After 1-3 days of dark adap-
tation, mice were anesthetized with sevoflurane (Abbott Japan, Osaka, Japan) and sacrificed by cervical
dislocation. After enucleation, the transplanted retina was carefully isolated and vitreous was gently but
thoroughly cleaned. The position of the graft was visually targeted in between the optic nerve disc and
the transplantation entry site to be mounted over the probe with the ganglion cell side contacting the elec-
trodes. A dim LED light source with the peak wavelength at 690 nm was used during sample preparation.
The flat-mounted retinas were constantly supplied with warmed (34 + 0.5°C), carbonated (95% O, and 5%
CO,) Ames’ medium (A1420, Sigma-Aldrich) perfused at 3-3.5 mL/min. Opsinamide (10 uM; AA92593,
Sigma-Aldrich) was added in the perfusion medium to suppress the melanopsin-driven RGC light re-
sponses during recording. Retinas were kept in the dark, allowed to recover in the chamber for at least
20 min before the first set of stimulation while spontaneous spikes were monitored from the beginning.
Full-field stimuli with intensities of 10.56 (weak), 12.16 (medium), and 12.84 (strong) log photons/cmz/s
(equivalent to approximately 0.03 to 6.5 lux or 1.7 x 102 to 3.4 x 10* Rh*/rod/s) at the focal plane of probe
were generated with a white LED (NSPW500C, Nichia Corp., Tokushima, Japan) without background illu-
mination. An electronic pulse generator (DSP-420, Dia-Medical System, Tokyo, Japan) was used to control
the LED intensity under the external command from MEDé4 system using scheduled TTL pulses to turn on
and off the LED. Pulse stimuli of 10 ms were used to elicit the mERGs and 1 s stimuli were used to separate
the RGC response types. In our standard protocol, three-time serial recordings were repeated with an in-
terval of 1 min, and a single recording time was 10 s for the 10-ms stimuli and 20 s for the 1-s stimuli. Data
were collected at 20 kHz sampling rate and filtered at 1 Hz (10 ms stimuli) or 100 Hz (1 s stimuli) online. Re-
cordings were repeated before and after 9-cis-retinal (100 uM for 10 min incubation in the recording probe;
R5754, Sigma-Aldrich) replenishment, as well as in the presence and absence of L-AP4 (20 uM; 016-22083,
Wako) blockade to confirm the reproducibility.

Only male animals were analyzed in these experiments, for logistic reasons. Through the course of the
study, it became apparent that sex maybe an important factor; however, we had very few female samples
and opted to limit this experiment to males only to avoid obfuscating results by mixing females since we
could not gather enough samples to analyze the effect of sex.

Electrophysiology: two-photon imaging

rd1,Thy1-GCaMP3 mice transplanted with retinal sheets (wt, Bhlhb4™, Islet1”?) were sacrificed at various
time points after transplantation (7-26 weeks) by cervical dislocation, after at least 12 hours of dark adap-
tation before recordings. Areas away from the graft (designated as "off") served as negative controls, as the
grafted cells only covered a small fraction of the retina. Age-matched Thy1-GCaMP3 animals were used as
positive controls (“normal”). Eyes were enucleated, and the retinas were flat mounted using a mesh-
covered anchor with the ganglion cell layer on top. Retinas were constantly supplied with warmed (28 +
0.5°C), carbonated (95% O, and 5% COj) Ames’ medium (A1420, Sigma-Aldrich) perfused at about
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10 mL/min. Sulforhodamine 101 (500 nM; S7635 Sigma) was added in the perfusion medium to confirm
ganglion cell viability and to help locate graft. The ganglion cell layer plane was identified using sulforhod-
amine counterstaining and the basal fluorescence signal from GCaMP3. Images were acquired with an
upright multiphoton laser scanning microscope (Olympus, FV1000MPE) using a water-immersion 25x
objective lens (Olympus, XLPLN25XWMP). The light source was a Mai Tai femtosecond-pulse laser
(Spectra-Physics) running at 920 nm. The graft position was identified by the fluorescence of the graft
(Nrl-GFP). Images were acquired at 0.066 s/frames on an area of 254.46 um x 254.46 pm at 128 px x 128
px resolution for approximately 152 s (2300 frames). Retinas were recorded for at least a minute before a
brief pulse light stimulation, at around 90's, to allow transient fluorescent changes to equilibrate. The light
source for the stimulus was a homogenous green light (A=505 nm LED passed through a collimator lens) of
5.78 x 107" W/um? which would be equivalent to 1.28 x 10° Rh*/Rod/s in a normal mouse retina.

Behavior: light avoidance

The shuttle-avoidance system (CompACT SAS/W, Muromachi Kikai) was used to evaluate the light respon-
siveness of transplanted mice as previously described (Mandai et al., 2017). Briefly, a dark-adapted mouse
is placed in a sound- and light-insulated box with two chambers and able to freely move between cham-
bers. The mouse is then presented with stimulus at random intervals at one of the chambers. If the mouse
is stationary, the stimulus is proceeded by a mild electric shock (0.08 mA) delivered on the floor bars. The
mouse can avoid the shock if it moves away from the chamber within 5 s of stimulus presentation. Each
experiment consisted of 30 such trials, and the number of successful avoidances is recorded. Mice able
to sense light (3 cd) can learn to use light as a warning and avoid the shock. Mice may also increase their
success rate by frequently moving between chambers, so the number of times the mouse moves before
light stimuli (ITI) is used as a proxy to account for this behavior. Initially mice were trained with a dual sound
and light stimuli, and only mice that successfully learn to respond to the dual stimuli were subsequently
tested with a light stimulus only. Mice were tested daily, except for weekends, until their response ap-
peared to plateau.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of graft rods

The number of rods in grafts was quantified from Z-stack images of flat mounted retinas from mice sampled
roughly 60 days (8-9 weeks) after transplantation. Orthogonal sections at coordinates that intersected
grafts were resliced in Fiji, and the graft area was traced manually. Using grafts with the Nrl-GFP reporter,
rod photoreceptors can easily be identified by the GFP signal, as well as by their size, localization, and DAPI
signal pattern. We delineated the area of the graft manually and counted the number of cells in the graft
(DAPI™ cells) and the number of rod photoreceptor cells (GFP™ cells) using a Fiji macro. Figures 2A-2D show
a typical image of this quantification process. Fiji macro scripts are provided in GitHub repository (https://
github.com/matsutakehoyo/KO-graft).

Quantification of graft inner cells

The numbers of inner cells, Calbindin®, Calretinin®, PKCa.*, and Chx10" cells in the grafts were counted
manually from retinal sections of mice sampled roughly 30 days (4 weeks) after transplantation. The total
population of graft inner cells was determined by elimination. First, host area, characterized by the laminar
structure of the host INL, was identified. Second, graft photoreceptors were identified by Nrl-GFP, nucleus
morphology, and local distribution within rosettes. The remaining cells were considered inner cells, and the
total number of inner cells and the number of cells positive for a particular marker were counted.

Host-graft synapse count

For the host-graft synapse count, Thy1-GCaMPéf;Ribeye-reporter ESC-retina was transplanted to rd1;L7-
GFP mice and the eyes were collected at DD50 (approximately 5 weeks after transplantation). Regions
containing part of the graft rosettes were cropped, and the number of L7-GFP-positive bipolar cells was
manually counted by one observer in a blind manner. Images were acquired on 50-um sections, which al-
lowed us to trace the entire L7-GFP-positive bipolar cell, from its axon extending toward host IPL to syn-
apses at the dendritic tips, ensuring the genuine counting of synapses with host bipolar cells with potential
synaptic inputs to downstream cells. An example of a host bipolar (L7-GFP") cell extending an axon to the
host IPL and forming multiple synapses with graft photoreceptors at its dendrites is provided in Video S1. A
synapse was defined as a pairing of the tdTomato signal from the RIBEYE reporter at the graft rod
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presynaptic terminal (Thy 1-GCaMPéf;Ribeye-reporter) and the Cacna s signal (stained) at the postsynaptic
terminal. Importantly, only Cacnassignals at the dendritic tips of L7-GFP cells were counted, thus ensuring
that counted synapses were strictly between graft photoreceptors and host bipolar cells. Furthermore, the
pairing of synaptic markers was judged from three orthogonal sectional views (X-Y, X-Z, and X-Z) indepen-
dently to avoid optical artifacts.

Quantification of MEA recordings

Graft locations were manually mapped on a 26 x 26 grid overlaid on the MEA probe. Our MEA probe con-
sisted of 50 x 50 pm? electrodes separated by 100 um in an 8 x 8 array. The size of a channel corresponds to a
square, i.e. a pixel, in our 26 x 26 map, and the separation between channels correspond to two squares. On
each square, we mapped the presence or absence of graft (on, off) and applied a morphology transforma-
tion to dilate the graft area to define graft edges. In addition to graft location, areas where tissue damage
was apparent or covered by the optic disc were marked as “damage,” assuming these areas would have
some kind of impairment to respond.

mERG traces were processed and analyzed in R (R Core Team, 2020). A band-pass Butterworth filter (1 to
50 Hz) was applied to traces to remove low-frequency fluctuations and high-frequency jitter. Local minima
within 55 ms from light stimulation were flagged as a-wave, and local maxima within 150 ms from light stim-
ulation were flagged as b-wave. The a-wave amplitude was calculated from the baseline, and the b-wave
amplitude was calculated from the a-wave, or from the baseline when the a-wave was not detected. Rep-
licates from three repeated stimulations were averaged.

RGC spike sorting was conducted using the CED Spike 2 software (version 7.2). Recordings taken at the
same stimulus intensity were processed together by merging recordings taken before 9-cis-retinal treat-
ment and before, during, and after L-AP4 blockade, to follow spike trains from the same set of cells across
the different conditions. Recording traces were first cleaned up by applying a Butterworth band-pass filter
(200 to 2800 Hz) and DC offset removal. The spike templates were generated for each channel indepen-
dently, based on the automatic offline template formation and spike matching algorithm of Spike 2 with
a few minor modifications. Spikes with amplitudes smaller than 64 uV (negative) were excluded; this
threshold level was about 10-sd of recording without retina and 4-sd of recording with robust spontaneous
spiking of degenerated retina. As the whole recording procedure lasted for more than 3-4 hours, some-
times the spike amplitudes were found amplified over time. A 5% tolerance for maximal spike amplitude
change was therefore included in the template matching process so that each spike would be slightly re-
sized (£5%) to see if its shape matches any established template. This process allowed us to isolate the
individual spike sources (cells) with characteristic spike size and shape from each sample for the given stim-
ulus intensity. The average number of cells detected per channel was 2.4 + 2.9 (mean +sd) for 1-s stimulus
recordings (4 + 2.5when excluding channels with no cells) and 2.4 + 2.8 for 10-ms stimulus recordings (4 +
0.26 when excluding channels with no cells).

The assignment of light responsiveness (10-ms stimuli) or light response types (1-s stimuli) was determined
arbitrarily by comparing the spiking patterns following light stimulus to the basal frequency. Cells with
basal spiking frequency lower than 1 Hz were considered inactive and excluded from the following analysis.
In contrast, active cells with basal spiking frequency higher than 3 Hz were determined as “spontaneous
firing.” In the 10-s recordings, cells were simply defined as light responsive if showing two fold or more
spiking than resting state within 500 ms after the 10-ms stimuli. The response types to 1-s stimulus for
each cell in each condition were first described as non-responsive, transient ON, sustained ON, delayed
ON, ON suppression, OFF, ON-OFF, and hypersensitive separately (see also (Iraha et al., 2018)), by
comparing the onset and termination timing of their spiking frequency changes to the stimulation. Cells
were then grouped as "llight” (unresponsive), “on,” “adapted on,” or “onXoff' types based on their
response patterns across all three conditions (before, during, and after L-AP4). In principle, “on" cells
showed L-AP4-sensitive ON (including sustained ON) responses throughout the whole recording, while
“adapted on” cells had their ON responses (mostly sustained ON) seen only after recovery from L-AP4.
Although cells with OFF responses were also included, this rarely found “onXoff” type mostly consists of
cells showing ON and OFF responses that were both sensitive to L-AP4 blockade, suggesting an ON-
dependent OFF pathway involvement in the synaptic inputs to these cells. Note that delayed ON and
hypersensitive responses were seldom observed and proved independent to the synaptic inputs and there-
fore assigned to the "!light” unresponsive type. For both recordings with 10-ms and 1-s stimuli, responses
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that were not consistent across the three replicate recordings were disregarded. For the spontaneous firing
analyses, we averaged the spiking activity before light stimulation (9-s duration from the 20-s recording) of
the three replicate recordings.

Quantification of two-photon imaging

Calcium imaging images were processed in Fiji (ImageJ) using custom scripts by Z-projecting time series
images and extracting regions of interest (ROIls) using the analyze particles option. The fluorescence inten-
sity of each ROl along the time axis was then exported to be processed in R. We defined a light response
index (LRI) as follows, to compare fluorescence intensity changes before and after light stimulation.

LRI = fafter - fbefore
fafter + fbefore
frefore aNd foger represent the fluorescence changes before and after light stimulation, respectively, which
are calculated relative to the baseline fluorescence.
f—1fh Af .
0==" | i=after, before
fo  fo
Finally, the light response of each ROl was weighted by the total area of detected ROIs and aggregated to
obtain the light response for each recording.

f=

Statistical analysis

We used full Bayesian statistical inference with Markov Chain Monte Carlo sampling for statistical modeling
using Rstan (Stan Development Team. 2017. RStan: the R interface to Stan. R package version 2.16.2. http://
mc-stan.org). We estimated population effects, such as the effect of different graft genotype (wt, Bhlhb4™,
Islet1”), group effects such as the effect of different treatments or conditions, intermouse variation, and
others, using linear regression models. In this framework, an observation from a particular set of treatments
or conditions, coming from a certain mouse in a certain group, is simultaneously used to estimate the effect
of that group, mouse, and population. Our estimates, therefore, do not represent a simple pooling of data
for a particular set of predictor combinations. Instead, linear regression analyses can isolate the effect of
predictors while considering the data as a whole.

During the course of the study, it became apparent that some of the outcomes could potentially be influ-
enced by the sex of the host animal, and so whenever possible, we included the host sex as a predictor; this
however was not feasible in all of the analyses because of logistics, and in such cases, the analysis was con-
ducted on males only discarding the data for the females.

Along with the estimation of main effects, the overall effect of predictors, we estimated interactions, the
conditional effects that manifest under a particular combination of predictors in addition to main effects.
We mainly estimated interactions of genotype with other predictors (e.g., interaction of genotype and sex,
denoted genotype x sex), in order to characterize the genotype effect in more detail. Whenever an inter-
action term was considered, we present the main effects and interaction effects together, as interaction
terms must be considered alongside their main effects.

Posterior distribution of parameters of interest, which show the probability for the value of the parameter
given the data, is shown with 95% compatibility intervals (Cls) and mean indicated on top. These marginal
distributions of parameters do not necessarily indicate the relationship between parameter values as pa-
rameters maybe correlated. In order to judge if there is a difference between parameters, we must look at
the joint distribution of parameters, i.e., the distribution of the difference between parameter values.
Whenever a difference is indicated, we therefore indicate the fraction of the area over zero, which indicates
the confidence that we have that there is a difference.

Many of the models use a link function (logistic, exp, etc.), and so the interpretation of the results is not
intuitive. In order to facilitate interpretation, distribution of the posterior predictions is shown in the sup-
plemental data with compatibility intervals translated to the original data scale. Stan scripts for the models
are provided in a GitHub repository (https://github.com/matsutakehoyo/KO-graft).
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Analysis of Nrl-GFP fluorescence of retinal organoids

Image analysis was conducted using EBImage (Pau et al., 2010), and statistical modeling was implemented
using Stan (Carpenter et al., 2017) in R (Team, n.d.). Acquired fluorescence images were recorded as RGB
images. Pixels containing the GFP signal were identified from background by thresholding using Otsu’s
method, and the mean signal and background signal of the green channel were calculated for each image.
Signal and background were also calculated for the blue channel to account for differing recording condi-
tions by normalizing the fluorescence intensity on the blue channel. The relative fluorescence intensity y is
thus expressed as

signalgeen — backgroundgreen
signalpi,e — backgroundpye

The relative fluorescence intensity was fitted with a modified Gompertz growth curve (Zwietering et al.,
1990) with the Gamma distribution as likelihood, as relative fluorescence is a continuous value that is always
positive. The modified Gompertz growth curve is defined by three parameters representing maximum fluo-
rescence intensity Aji,e, maximum rate of fluorescence increase pj,., and onset of fluorescence increase
Aiine (see Figure S1). Thus, the fluorescence intensity for a line (wt, Bhlhb4™ or Islet1”) on time day is

Yiine, day ™~ Gamma(a/me, day ﬁ)
Qline, day = M/ine, dayﬁ
lene, day = Gompertz(A/ine’ Miines Alines day)

where « and B represent the shape and rate parameters of the Gamma distribution, respectively, and M
represents the average fluorescence intensity. The data are very noisy, and estimates resulted in either
an extremely short or long delay onset (with extremely fast or slow increase rate), with the data mostly being
accounted for by the noise component (the spread of the Gamma distribution) without some kind of infor-
mative prior on the parameters.

We therefore used the following informative priors:

Aijine ~ Normal(Ag, 2)
Ao ~ Normal(11, 2)
Miine ™~ Norma’(,um 2)
o ~ Normal(0.7, 0.5)
A iine ~ Normal(2o, 2)
Ao ~ Normal(15, 2)

And a uniform prior for 8 (3>0).

These priors reflect our beliefs, based on our previous experience, that the fluorescence intensity is well
contained between 7 and 16 once organoids have differentiated. Moreover, cell aggregation starts at
DD7 and fluorescence is observed a few days after that at the earliest. Similarly, the fluorescence increase
rate is based on our experience that fluorescence increases gradually over the course of about 20 days.

Graft cell number analysis

The number of photoreceptor cells in the graft and the number of cells positive for PKCa, Chx10, Calbindin,
and Calretinin, within the inner cells of the graft, were modeled with the Binomial distribution, as these
represent discrete count data with a binary outcome. Thus, the number of positive cells y; for a particular
marker in a given sample i is given by

y; ~ Binomial(n; , 6;)
0; = %9U655+ (1= guess) logistic(8o + Biin + Bsex + Brmus)

where n; represents the total number of cells present in the sample and 6; € [0, 1] represents the probability
of cells being positive for the marker. We implemented robustness in our model using a guess €0, 1]
parameter (Kruschke, 2014). In this model, 6; is given by two parts, a purely random part (guess) and the
logistic regression of the predictors (logistic(By + Bjin + Bsex + Bmus)). A large guess value indicates the
data contain many points not conforming to the regression. For the logistic regression, we considered
three predictors: the genotype of the cell (either wt, Bhlhb4™", or Islet1”) B}, the sex of the host Beey,
and the mouse B, from which the sample was derived. 8., was omitted from the analysis of
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photoreceptor cell number and SCGN-positive cells (cone bipolar) as samples consisted of single sex. g
represents the overall mean, and the effect of a particular predictor is modeled as a deviation from the
overall mean with a sum-to-zero constraints for each predictor (37 Bioredictor] = 0)- For the effect of mouse
(Bmus ). we estimated hyperparameters from the data; otherwise, we used generic weakly informative priors
(Normal(0, 1)).

Bjin ~ Normal(0, 1)
Bsex ~ Normal(0, 1)
Brmus ~ Normal(0, o mus)
0mus ~ Normal(0, 1)

For the guess parameter, we followed the recommendation from Kruschke (Kruschke, 2014) for robust lo-
gistic regression (Chapter 21.3). Using Beta(1,9) which emphasizes small values, reflecting our expectation
that the proportion of outliers is small. In particular, Beta(1,9) gives values greater than 0.5, very small but
nonzero probability.

guess ~ Beta(1,9)

Number of synapses

Bipolar cells typically make multiple synapses to photoreceptor cells. We therefore counted the number of
synapses per bipolar cell. The collected data contained a large zero count peak, indicating that there was a
large population of bipolar cells that do not make connections at all and a second population that makes
multiple synapses as shown in Figure 3J. The data were therefore analyzed with a zero-inflated Poisson
model, assuming that the probability of forming a synapse (with probability 6) is separate from the distri-
bution of synapses (with mean A). Therefore, whether a synapse is formed at all is modeled as a logit model
(either success or failure), and the number of synapses per L7-GFP bipolar cell is modeled as a Poisson
count model with the zeros being generated by both processes. A host bipolar cell (L7-GFP) therefore
has a probability 6 to form a chemical synapse with graft photoreceptor cells, and the number of connec-
tions it makes is described by 2. The probability function of synapse numbers p(y,|0n, 2,) is given by

1a 5y _ J (1 =0;)+ ;% Poisson(0|2;) if y;=0
plyilts, 4i) = {0,- % Poisson(y;|A;) if y:>0
1
0i = 5guess+ (1 guess) logistic(fo + Oiin + sex + Blinxsex + Omus)
/\f = eXP(Ao + /‘{h‘n + ;{mus + Ah’nXsex + Amus)

where 0; represents the probability of nonzero (probability of synapse) of the i-th data and A; represents the
average number of synapses, with the guess parameter similarly implemented as in the cell type analysis.
Predictors include lin (wt, Bhlhb4™", or Islet1”), sex, and mus (mouse), as well as the interaction between
lin and sex (linXsex). The priors for the overall mean were estimated from the data (in log odd for f and log
for o)

8o ~ Normal(logit(pnso ), 1)
where p,sg is the fraction of data that is higher than zero.

Ao ~ Normal(log(y))

where y is the mean number of synapses. For the effect of mouse, we estimated hyperparameters from the
data; otherwise, we used generic weakly informative priors (Normal(0, 1)) for predictors.

So for 6,

6jin ~ Normal(0, 1)
Osex ~ Normal(0, 1)
Olinxsex ~ Normal(0, 1)
Omus ~ Normal(0, a4,.,..)
79,.,. ~ Normal(0, 1)

and similarly, for 2,

Ain ~ Normal(0, 1)
Asex ~ Normal(0, 1)
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Alinxsex ~ Normal(0, 1)
Amus ~ Normal(0,a;,..)
G ~ Normal(0, 1)

We examine the impact of these priors on posteriors by replacing the above Normal(0, 1) priors with more
diffuse Normal(0, 10) priors. The model was able to converge, and the posteriors were practically identical.
For the guess parameter, we followed the recommendation from Kruschke (Kruschke, 2014) for robust lo-
gistic regression (Chapter 21.3). Using Beta(1,9) which emphasizes small values, reflecting our expectation
that the proportion of outliers is small. In particular, Beta(1,9) gives values greater than 0.5, very small but
nonzero probability.

guess ~ Beta(1,9)

Two-photon imaging

The LRI was analyzed with a Gamma hurdle model, a mixture of response probability and response ampli-
tude. Whether a response is detected or not (>0) is modeled as a Bernoulli process, and the amplitude of
the response is modeled with the Gamma distribution. The probability function of response amplitude
P(ynl0n, An) is given by

p(y;‘ﬁ,-, Af) = {0(;1x Gﬁa;)rnma(yf|ui, v) 7;))2;8
6; = logistic(6o + O + Osex + bage * age;)
1= eXp(Ho + Kgp + Meex + Mage ¥ agE1)
where 6; represents the probability of nonzero (probability of response) and u; represents the average
response amplitude. Predictors include grp (wt, Bhlhb4™, Islet1”, off, normal) and sex. Furthermore,

fage and w,qe account for the varied sampled times, with age; normalized and standardized so that its
mean=0 and sd=1. The priors for the overall mean were estimated from the data as follows.

6o ~ Normal((logit(pso), 1)
wo ~ Normal(log(y), 1)

For the rest of the regression parameters, we used weakly informative priors (Normal(0, 1) for the Gamma
process and Student_t(3,0, 1) for the Bernoulli process (logistic regression)),

Ogrp ~ Student_t(3,0,1)

Osex ~ Student_t(3,0,1)

0.ge ~ Student_t(3,0,1)
Kgrp ~ Normal(0, 1)
Usex ~ Normal(0, 1)
Mage ~ Normal(0, 1)

and a uniform prior for the shape parameter of the gamma distribution (v>0). We examine the impact of
these priors on posteriors by replacing the above Normal(0,1) and Student_t(3,0,1) priors with more
diffuse Normal(0, 10) and Student_t(3,0,10) priors. The model with more diffuse priors was able to
converge, and the posteriors were practically identical.

b-wave analysis (10-ms stimulus)

Field potential recordings from individual channels in the MEA probe were processed individually. First,
positive peaks within 120 ms of the light pulse were selected as candidate b-wave peaks using a custom
program in R. We then calculate the standard deviation of the baseline (2 s before the light stimulation)
for each trace, and channels with a peak amplitude higher than three times the baseline standard deviation
were considered to have detected a b-wave. We obtained 12736 recordings from 38 animals transplanted
with retinal organoids (excluding the channels assigned to be covered by “damage” retinal areas). We then
modeled the probability of observing a b-wave in each channel under different conditions using robust lo-
gistic regression. The probability of observing a b-wave is then given by

y; ~ Bernoulli(6;)
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1 .
6,‘ = zguess+ (1 *gUeSS)/OgIStIC(ﬁo + 5/in + 5stm + ﬁtim + 6179 + Bcnd
+ ﬁtpl + 6dmg + ﬁmus + ﬁﬁnXtim + ﬁﬁnti/ + ﬁ/inXstm + ﬁlin)(ﬂg + ﬁlancnd)

where y; is either 0 (no b-wave) or 1 (b-wave) and 6; is the probability of observing a b-wave in that channel.
Bo represents the overall mean, and the effect of different predictors was calculated as a deviation from this
mean with the sum-to-zero constraint on each of the predictors (3 Bjpredictor) = 0). Table1 shows the mean-
ing and value of each of the predictors.

The prior for the overall mean (8y) was estimated from the data (in log odds, probability of response: po)
with sd of 1.

8o ~ Normal(logit(p+o), 1)

For the effect of mouse, we estimated the hyperparameter (o) from the data, using a Gamma distribution
with mode 2 and sd 4 (Gamma(1.64, 0.32) following the recommendation of Kruschke (Kruschke, 2014).

ﬁmUS ~ Normal(o7amus)
mus ~ Gamma(1.64, 0.32)

For the rest of the parameters (8in, Bstm: Btim: Bi7g: Bends Bipl: Bamg: Blinxtimi Blinxtol: Biinxstm: Blinxi7gs Blinxend)s We
used generic weakly informative priors for logistic regression (Student_t(3,0, 1)). We checked the impact of
these priors on model convergence and posterior distributions by running the same model with more
diffuse priors (Normal(0, 10) instead of Normal(0, 1) and Studnet_t(3,0, 10) instead of Student_t(3,0,1)).
The model with more diffuse priors resulted in very wide posterior tails for some of the parameters (8,
Bend: Blinxend: and Bo), while the other parameters converged to similar values.

For the guess parameter, we followed the recommendation from Kruschke (Kruschke, 2014) for robust lo-
gistic regression (Chapter 21.3). Using Beta(1,9) which emphasizes small values, reflecting our expectation
that the proportion of outliers is small. In particular, Beta(1,9) gives values greater than 0.5 very small but
nonzero probability.

guess ~ Beta(1,9)

RGC response (10-ms stimuli)

The spikes from RGC upon the 10-ms stimuli allow us to examine the correlation of b-wave and RGC
response. Following spike sorting and response assignment, we modeled the probability of each spike
train to be light responsive, i.e., the probability of each RGC to respond to light.

We obtained 30167 observations, from 6827 cells, collected from 38 animals transplanted with retinal or-
ganoids. The number of observations roughly corresponds to the number of cells multiplied by six, for
the two light stimulus conditions (weak and strong) and the three L-AP4 treatment conditions (before,
L-AP4, and after). As the outcome is dichotomous (either light responsive or not), we used a similar Ber-
noulli model as in the b-wave analysis with some modifications (robust logistic regression). In addition to
the predictors in the b-wave model, we used the spontaneous frequency rate of each cell and the b-
wave amplitude recorded on that channel as covariates. These covariates were normalized and standard-
ized so that their mean=0 and sd=1. The probability of an RGC to respond to light is given by

y; ~ Bernoulli(6;)
1 -
6[ = Eguess+ (1 79(}655)/09’3“(?(50 + ﬂlin + ﬂstm + ﬁtim + 6/79 + 5cnd + 6th

+ 6dmg + ﬁmus + ﬂﬁnXtim + ﬁﬁnti/ + ﬁﬁnXstm + ﬁ/in)(ﬂg + ﬁlancnd + 65pt *fl + 6bwv * b;)

where y; is either O (unresponsive) or 1 (light responsive) for a particular cell i and 6; is the probability of
observing a light response in that cell. B, is a coefficient for the effect of the frequency of the spontaneous
activity, and f; is the spontaneous spiking frequency (normalized and standardized) of the cell i. Similarly,
Buwy is a coefficient for the effect of the b-wave amplitude on that channel and b; is the amplitude of the
recorded b-wave (hormalized and standardized).

The prior for the overall mean (8y) was estimated from the data (in log odds, probability of response: pg)
with sd of 1.
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Bo ~ Normal(logit(p+o), 1)

Forthe effect of mouse, we estimated the hyperparameter (g,,s) from the data, using a Gamma distribution
with mode 2 and sd 4 (Gamma(1.64, 0.32) following the recommendation of Kruschke (Kruschke, 2014).

Bumus ~ Normal(0, omys)
mus ~ Gamma(1.64, 0.32)

For the rest of the regression coefficients (Bspt, Bowv: Biins Bstms Btim: Birg: Bends Bipls Bmg: Biinxtim: Blinxol:
Biinxstm:  Biinxi7g:  Biinxend), We used generic weakly informative priors for logistic regression
(Student_t(3,0,1)). We checked the impact of these priors on model convergence and posterior distribu-
tions by running the same model with more diffuse priors (Normal(0,10) instead of Normal(0,1) and
Studnet_t(3,0, 10) instead of Student_t(3,0, 1)). The model with more diffuse priors resulted in very wide
posterior tails for some of the parameters (8in, Bend: Btim: Blinxend: Blinxtim @and Bo), while the other parameters
converged to similar values.

RGC response (1-s stimuli)

The 1-s stimuli allow us to analyze the light response in more detail taking into account different response
subtypes and the response patterns under different conditions. For these analyses, we used responses
from 16353 observations, from 5738 cells, collected across 38 animals transplanted with retinal organoids.
The number of observations is roughly three times of the cell numbers for there are three different stimu-
lation conditions.

We categorized response patterns and modeled recorded data with a conditional logit model, assuming
that response categories are hierarchical. For the light response, we assumed that cells are either respon-
sive or not responsive to light (/light). Of the responsive cells, i.e., excluding unresponsive cells, we
assumed that the response either intersects the off pathway (“onXoff” type) or not. Finally, responses
that are independent of the OFF pathway are divided into “on” type or "adapted on” depending on
whether they show some sort of potentiation (light response appearing only after several flashes or
L-AP4 treatment) or not. A diagram of the category hierarchy is provided in Figure S10. The light response
yi €{!light, onXoff, on, adp on} can therefore be described as follows:

yi ~ Categorical (Wights Monxoffs Hons Hadp on)
Milight = Pilight
Monxoff = PonXoff (1 - <ngm)
Mon = (pon(1 - (ponXoff) (1 - (p!/ight)
:u'adp on = (1 - (pon)(1 - (ponXof‘f) (1 - (p!ﬁght)

1 L.
Pr = 5 guess+ (1 — guessy)logistic(Bx o + Bejin + Bistm + Brsim + Beirg + Brpl + Brdmg

+ 61(, mus T ﬁk,linXtim + ﬁk, linXtpl + ﬁk, linXstm ﬁk,/in)(ﬁg + 6spt * f!) ke {'hghta OnXOff? on}

where u represents the probability of each response category, addingup to 1 (3" u = 1). Note that ¢, cor-
responds to the response probability excluding previous categories and therefore does not add up to 1. So
@uiight represents the probability of cells not to respond to light, ¢.x.f represents the probability of light
responding cells to be onXoff, and ¢, corresponds to the probability of non-onXoff light responsive cells
to be on. B o represents the overall mean probability of response category k, and the effect of different
predictors was calculated as a deviation from this mean with the sum-to-zero constraint on each of the pre-
dictors (3-8 [, predictor] = 0, k € {!light, onXoff, on}). Table2 shows the meaning and value of each of the
predictors.

The prior for the overall mean (8, o) was estimated from the data (in log odds, probability of response for
category k: py) with sd of 1.

B0 ~ Normal(logit(py), 1)

Forthe effect of mouse, we estimated the hyperparameter (g,,s) from the data, using a Gamma distribution
with mode 2 and sd 4 (Gamma(1.64, 0.32) following the recommendation of Kruschke (Kruschke, 2014).

Bk mus ~ Normal(0, omys)
Tmus ~ Gamma(1.64, 0.32)
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For the rest of the regression coefficients (8¢ jin, Bk, stm: Bk, tim: Bk, 7g+ Bk, tot: Bk, dmgs B, linxtims Bk, linxtpl:
Br, linxstm: Bk, linxi7g), We used generic weakly informative priors for logistic regression (Student_t(3,0, 1)).
We checked the impact of these priors on model convergence and posterior distributions by running
the same model with more diffuse priors (Studnet_t(3,0,10) instead of Student_t(3,0,1)). The model
with more diffuse priors resulted in very wide posterior tails specially for parameters with interactions.

RGC spontaneous firing (9-s recording before the 1-s stimuli)

We noticed that there was an inverse correlation between light responsiveness and the spontaneous firing
frequency. We therefore analyzed the distribution of spontaneous firing, by calculating the spontaneous
firing rate before light stimulation (9 s). The distribution of spontaneous firing rate closely follows a
lognormal distribution, as shown in Figures 6 and S11. We therefore modeled the influence of parameters
on the mean log spontaneous firing. For the spontaneous firing analysis, we used 44213 observations from
5738 cells collected across 38 animals transplanted with retinal organoids. The number of observations in
this analysis is higher than the number in the light response analysis, as we consider the spontaneous ac-
tivity before, during, and after L-AP4 treatment, in addition to the different stimuli.

y; ~ lognormal(u;, o)
i = Mo+ Miin + Mres + Hend T Mstm + Miim + :u/79 + /u’dmg + Kresxiin + Mtimxiin + lu‘/7gX/in

where y; is the log spontaneous firing rate for a particular observation i.u, and ¢ are the overall logmean
and logsd of the lognormal distribution, respectively. We assume a common ¢ to simplify the model.
The effect of different predictors was calculated as a deviation from this mean with the sum-to-zero
constraint on each of the predictors (3 ppredictor = 0). Table 3 shows the meaning and value of each of
the predictors.

The prior for the overall mean (ug) was estimated from the data with sd of 0.5.

g ~ Normal(log(y), 0.5)

For the effect of mouse, we estimated the hyperparameter (g,,s) from the data, using a Gamma distribution
with mode 2 and sd 4 (Gamma(1.64, 0.32) following the recommendation of Kruschke (Kruschke, 2014).

& mus ~ Normal(0, g mys)
Tmus ~ Gamma(1.64, 0.32)

For the rest of the regression coefficients (:u'linr Hres: Mendr Mstms Mtims M [7gs B dmgr B resXline M timXlin: K I7gXlin)l we
used generic weakly informative priors (Normal(0, 1)).

We checked the impact of these priors on model convergence and posterior distributions by running the
same model with more diffuse priors (Normal(0, 10) instead of Normal(0, 1)). The model with more diffuse
priors was able to converge and resulted in very similar posteriors. While most of the parameters were prac-
tically identical, there was a small difference in the interaction term of graft genotype and time after trans-
plantation (wx:im) Which resulted in slightly different posteriors. On both models, the posteriors for this
parameter can be considered to mostly overlap but the order of the peaks was slightly different
(wt>Bhlhb™ > Istlet1” for 8W and wt<Bhlhb” <Istlet1”for 12W with diffuse priors).

Behavior: Light avoidance

The number of successful avoidances y out of 30 trials was modeled with the Binomial likelihood.

yi ~ Binomial(6;, 30)
(9,' = IogiStiC(ﬁO + ﬂgrp + Bsex + lggrstex + ﬁtrltrlf + 6iti.aitii2 + ﬁiti,bitir')

where y; represents the number of successful avoidances out of 30 trials and 6; is the probability of suc-
cess. Bgrp is the effect of different groups (wt, Bhlhb4™", Islet1”", and age matched rd control without
treatment), Bee is the sex of the animal, and Bg,xsex is the interaction term of sex and group. B repre-
sents the overall mean (at mean trl and iti), and the effect of a particular predictor is modeled as a de-
viation from this overall mean with a sum-to-zero constraints for each predictor (3 Bjpredictor = 0). trl (trial)
is a covariate to account for the accumulated experience, as more experienced mice would be expected
to perform better. iti is a proxy for the locomotion during the experiment, which greatly influences the
success rate as mice randomly moving may avoid the electric shock merely by chance. Both trl and iti
were normalized and standardized so that their mean=0 and sd=1. We assume a quadratic relationship
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for iti rather than linear; however, the linear model produced similar results. We believe the quadratic
model better describes the data as the random moves of the mouse payoff better at lower iti but the
benefit of moving faster decreases at high iti as the animal tires. The prior for the overall mean (8o)
was estimated from the data with sd=1.

Bo~ Normal(logit (?f/_O) , 1)

For the effect of mouse, we estimated the hyperparameter (g,s) from the data, using a Gamma distri-
bution with mode 2 and sd 4 (Gamma(1.64, 0.32) following the recommendation of Kruschke (Kruschke,
2014).

B mus ~ Normal(0, ous)
Tmus ~ Gamma(1.64, 0.32)

For the rest of the regression coefficients (84r5, Bsex: Bgroxsexs Biti, ar Biti, br Bert), We used generic weakly infor-
mative priors ((Student(3,0, 1)). We checked the impact of these priors on model convergence and poste-
rior distributions by running the same model with more diffuse priors (Student(3,0,10) instead of
Student(3,0,1)). The model with more diffuse priors was able to converge and resulted in practically iden-
tical posteriors.
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